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Abstract
This thesis explores the Renewable Energy Integration Problem beginning with a literature
review on the different sources of electrical energy classified as Non-Renewable and Renewable,
stating that the integration of renewable sources within the pre-existing Power-Grids is a current
worldwide problem that is being addressed with different approaches.
The impossibility to exactly model the different equations relating the electric output of the
renewable energy sources as they relate with meteorological factors, makes the renewable sector
a stochastic component of the overall mathematical model, where it can be concluded that most
of the problem is in the area of the forecast.
A mathematical process flow is provided as an explanation referring to the general behavior of
the renewable energy integration problem, and the obstacles associated with predicting the
changes from cycle to cycle. The explanation continues as to conclude that the Renewable
Energy Integration Problem can be viewed as a combinatorial problem if the forecasts:


Are ignored, or,



Are adequately handled.

A mathematical model is proposed of a basic version of the problem in order to have a base for
applying heuristic algorithms in order to provide answers for larger problems, and a computer
program (Homer) is presented as a tool to solve small sized problems constrained to MicroGrids. The results obtained are then analyzed giving detail of why special care is needed when
handling the outputs of this type of problem, reaching conclusions regarding the overall
knowledge the engineer must possess in order to adequately attack the Renewable Energy
Integration Problem, and the decisions associated with it.
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1. Introduction
World-wide technology nowadays is mostly based on electricity. When we turn on the
light, use a microwave or watch TV, we are consuming electricity whether we notice it or not. It
is so generally taken for granted that ironically it is not uncommon for the average citizen to not
see the factors revolving behind the supply of electricity to cities, and to the society in general.
The entire planet is consuming more and more electricity as the time goes by (IAEA, 2009). And
therefore it is not nonsense to say that electricity has become during the last century, a central
stone for our civilization. From checking e-mail to using a telephone we are consuming electric
energy.
The energy however has to come from some place. There are generating plants worldwide that provide the necessary electricity to the planet in order to continue with our lives. These
plants are called Power Plants.
The generation of electricity follows basically 3 steps: generation, transmission and
distribution.
Generation of electricity is done as mentioned earlier in big power plants where other
types of energies are transformed into electrical energy. These transformations may be from
chemical to electrical energy as in a fossil fuel power plant, kinetic energy to electrical as in a
hydropower plant, nuclear to electric, solar, etc. The great “tricks” are done inside the power
plants, from where the electricity flows out in order for the other 2 phases to come in place in
order to deliver the newly generated electricity to the final users.
The following stage is the transmission phase, during which electricity is delivered
through long distances to where humans are consuming it. This is done via transmission lines
that have a very high voltage in order to be able to travel such distances.
The third and final phase is the distribution stage, where the electric energy is distributed
to many different locations within the cities and towns, reaching to the different buildings,
hospitals, schools, etc. This last phase is the most chaotic and complex since is the stage in which
1

all the variables having to do with the humans come into place: behavior variability, accidents,
population expansion, migration, etc. Most failures occur within this last phase of the electric
production and distribution process.
There are 2 large categories in which the processes for producing electric energy could be
classified based on the type of source utilized to obtain the electricity: Renewable Sources and
Non Renewable Sources.
Non-renewable sources are all the methods that in some way or another consume a
substance in order to degrade it into electricity. The term and concept of Non-renewable
electricity will be further explained in section 2 of this thesis, although for a generality it can be
said that non-renewables are the most common source of electricity nowadays, and generate
much pollution which is a very critical problem for the entire planet. Non-renewable sources are
one of the primary causes of Global Warming, and their price of production is inevitably rising
up making them a target of study in order to find a solution to such serious problems.
Renewable sources are all the processes and methods to produce electric energy from
sources that are believed to be cleaner and, and depending on the author, also can be considered
to have essentially an unlimited source of fuel, or very large as to not having to worry for a long
time.
The fact that many new technologies for renewable electricity is being invented and
generated makes it convenient to ask ourselves: what is the limit in which the non-renewable
electricity, mainly fossil fuel power plants, is still the optimum answer to our society?
However the transition to renewable energies, if it is found that they are in fact the
answer, is not an easy task.
The patterns of production of Renewable Sources are very different than those of the
traditional Non-Renewable sources, making it a very difficult and complex task to tailor the
demand which has never been constant, and is naïve to think that it will be in the future.
There are however some approaches that try to control the demand of the Power Grids at
different times when the rates are said to be at “peak” levels, by reducing or cutting some sectors
2

during those times. This approach is the basis to a relatively new term: “Smart Grid” which is a
mixture of policies, Large Scale Energy Storage Devices, and others, in order to make the
process very flexible and reduce the problems of tailoring the demand.
A Power Grid is the entire transmission and distribution network in which electricity is
delivered to the final users. It is at this point convenient to differentiate between a Power Grid
and a Micro Grid. Micro Grid is the last portion of electric cables, components and networks that
deliver electricity to the end user. A Micro-Grid can be defined as a hospital, apartment building,
a home, ranch or other small system. The partition between the Power Grid and the Micro Grid is
usually done at the meter where the electricity consumed by the Micro-Grid is measured in order
to charge the sale of electricity. The electric feeders can also be considered part of the MicroGrid, if the owner of those is the same owner of the Micro-Grid, which can be or not, depending
on the contract between the supplier and the consumer.
The problem of introducing Renewable Sources into the electricity supply process on the
pre-existing power grids is a world-wide problem commonly known as the Renewable Energy
Integration Problem. This problem will be explained in detail in section 4 of this thesis.
The intention of the following sections is to introduce the reader to the background of the
Renewable and Non-Renewable sources of electricity in order to make an educated discussion
from where a mathematical model is proposed to solve large sized versions of the Renewable
Energy Integration Problem, and a computer software is presented as an option to solve
relatively small integration problems and hence is restricted to Micro-Grids. The manipulation of
the results with educated considerations in handling this type of information is presented at the
end, in order to provide the reader with a better practical and theoretical knowledge to be able to
decide wisely when handling the Renewable Energy Integration Problem.

3

2. Non Renewable Electricity
Non-renewable electricity is the electricity generated from non-renewable energy
sources.
The term is often used as a generic concept to describe all the electricity generated from
sources that pollute the environment and can also be depleted. The non-renewable energy
sources are also known as fossil fuel electricity which is produced in generating stations that run
with coal, petroleum, natural gas, or other type of fuel like nuclear power plants.
The idea behind all power plants that are considered non-renewables is the same:
Burn something to generate heat, and the heat is used to create water vapor which will
run through some turbines that are connected to a series of generators where the electromagnetic
induction converts the kinetic energy form the turbines into usable electricity. This cycle is the
Rankine cycle, and many variations exist with different names.
The term fossil fuel power plant is often interchanged with the term non-renewable
electricity power plant, and although this is an error strictly speaking since nuclear power plants
don’t run with fossil fuel, it is generally accepted as the term to describe all non-renewables. In
this section the different forms of non-renewable electricity is explained as a background for
further discussion.

2.1 General Process in a Fossil Fuel Power Plant
A fossil fuel power plant is a system of devices for the conversion of the chemical energy
contained in the fossil fuels to electric energy. Fossil fuel power plants are designed to massive
production of electricity and in most countries nowadays they produce the greater percentage of
electricity consumed by their population.
The conversion done in the different fossil fuel power plants is basically the same for all,
independently of its nature whether is a gas power plant, a coal power plant, oil power plant or a
nuclear power plant, the basic idea of the process is that of transforming the fossil fuel to heat by
means of combustion, and the heat obtained from this chemical process is then used to pressurize
4

water vapor using heat transfer from the combustion chamber to water in a pipe, that runs
through the combustion chamber, and then, the running water evaporates causing a change in
pressure inside the pipe that is later used to cause a rotation in some turbines, which transform
the motion of the blades to electricity by means of electro-magnetic induction.
The process has different variances depending on the power plant, however, it is always
based on the initial combustion of the fossil fuel that is providing the heat to generate the vapor
to run the turbines, and in consequence, it is always inevitable the fact that the fossil fuel is the
substance that gets depleted as the process continues to run.
Since all types of non-renewables follow the same logic, a single diagram is presented
next, as where for some changes and variances occur depending on the arrangement of the power
plant as well as the type of fuel. The details of each type of production are discussed in the next
sections.

Figure 1: General Process at a fuel power plant
5

The fuel is burned on furnaces or in a chamber where the temperature rises to levels
where it is transferred to the water that is coming from the cooling tower. The water is heated to
a level where it becomes steam, causing a change in pressure making the steam to go up since
the volume occupied by the same amount of water increases with the change of liquid to vapor.
The vapor then has a motion which is used by the turbine. The turbine rotation is caused by the
kinetic energy from the motion of the steam. Once the turbine is rotating, it is mechanically
connected to a generator which makes some magnets run around some metallic coils, usually
copper, inducing an electromotive force in the electrons of the metallic coil, as predicted by
Faraday’s law of inductance. The central conversion of the kinetic energy from the motion of the
steam into electricity occurs in the turbines which are also often called generators, although not
always the actual generators are inside the turbines but sometimes they are connected to them
through some gears that rotate when the turbine rotates. It is important to note that in the
combustion chamber, the wastes need to be evacuated to permit future combustion of incoming
material. Depending on the type of power plant, the fuel can be supplied continuously with a
certain flow, or it can be put inside the combustion chamber in batches of material in order to
maintain an average controlled temperature.
The limit for all types of non-renewable power plants is the amount of fuel available to
burn. This fuel can be stored in some storage containers inside or nearby the power plant, or it
can be that the fossil fuel is coming from a long distance by a matter of running pipes that
connect the power generating station directly to the source of fuel, or to long distanced storage
rooms or containers in order to make it available. In either case the fossil fuel has the inevitable
disadvantage of getting depleted. Not counting the collateral damage done to the environment by
the pollution caused by the released particles and wastes.
We can see from the diagram that despite the different possible customizations and type
of physical installations, the fossil fuel power plants basically follow the same 4 steps in the
process of generating electricity, where the first 3 steps are energy transformations and the last
step belongs to the last phase of the Rankine cycle which is the water vapor condensation in
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order to restart the cycle and make it a continuous process. The four basic steps are the
following:
1) – Chemical Energy to Thermal Energy
2) – Thermal Energy to Mechanical Energy
3) – Mechanical Energy to Electric Energy
4) – Steam condensing to restart cycle.
Where in each phase the energy is degraded in order to reach a final state of energy that is
in the form of electricity. Every time the cycle restarts more input energy must be provided in
order to keep running.
2.1.1 Chemical Energy to Thermal Energy
The first energy transformation that occurs in a fossil fuel power plant is the
transformation of the chemical energy contained in the fossil fuel to Thermal Energy in the form
of Heat. This is done via combustion:
Let us remember that there are 2 types of combustion: Complete and Incomplete.
Complete combustion occurs when the reactants (fuel) and oxygen are in perfect
equilibrium or ratio, and therefore the consequence is that the fuel is completely burned.
When this state of equilibrium is reached, the reaction is also known as stochiometric
combustion or zero excess air combustion. This type of combustion is preferred since it is
“cleaner” as fewer byproducts are produced, and the fuel is completely burned which means a
more efficient usage of the resource.
The incomplete combustion occurs when the ratio between oxygen and reactants is not at
perfect equilibrium but is in reality higher or lower than the ideal ratio, but is still in the limits of
flammability of the fuel. Incomplete combustion is the most common type of combustion since
reaching the optimum ratio between fuel and oxygen rarely occurs in natural circumstances, but
has to be closely regulated. The incomplete combustion leaves different byproducts that can be
very hazardous for the humans as well as for animals, especially if the fuel is a hydrocarbon or
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propane, which are the fuels used in fossil fuel power plants. Regulating the exact ratio of
oxygen and fuel is more complex when the combustion is intended to be used in a more
continuous type of process such as is the case in the fossil fuel power plants.
Also, incomplete combustion may leave some fuel unused in the reaction since it is not
completely burned, leaving the remains as waste, or, in the best of the cases, is re-separated from
the other wastes, which is a process that consumes energy, making the overall output less
efficient.
In a fossil fuel power plant, the complete combustion of the fossil fuel is done by using
air as the oxygen source. A popular word equation for this reaction is the following:
Fuel

Oxigen

Heat

Carbon dioxide

Water

1

The nitrogen is usually not mentioned since it is not intended to react, but still has to be
present for the reaction to occur. However please remember that depending on the parameters of
temperature, flame, and the impurities in the fossil fuel, there are other byproducts. Even when
the combustion is complete, depending on the temperature and flame parameters, the nitrogen of
the fuel can oxidize creating different new nitrogen oxides. Other unintended byproduct is sulfur
dioxide which comes from impurities in the fossil fuel, predominantly in coal.
The combustion process occurs in a combustion chamber in the power plant, from where
the heat is used in the next step.
2.1.2 Thermal Energy to Mechanical Energy
The second law of thermodynamics states that in any closed loop circuit, only a fraction
of the heat can be successfully converted into mechanical work, where the rest of the nonconverted heat is called waste heat, and has to be released into a cooler environment in the return
phase of the cycle.
The fraction of the heat released into the cooler environment hast to be at least equal to
the ratio of the absolute temperatures of the cooling environment system and the heat source
system, which is the combustion chamber.
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Therefore it is reasonable to deduce that by increasing the temperature of the combustion
chamber also the efficiency of the process is increased. Unfortunately when the temperature of
the combustion is increased, so does the overall water vapor pressure running through the pipes,
which makes the design of the components a more complex problem having an impact in the
increase of price of the combustion chamber and all the near components.
It is interesting to note that if the temperature of the cooling environment system is equal
to the temperature of the temperature of the combustion chamber, no heat can be converted to
mechanical work at all.
Perhaps we wish to explore the idea of having a cooling environment system with the
lowest possible absolute temperature in order to increase the efficiency. And although the idea
may be desirable it is in reality, impossible to reach 100% efficiency. The Carnot’s rule sets a
limit.
The Carnot’s rule is a principle that sets a limit on the maximum efficiency that any
engine can obtain, which theoretically depends only on the difference between the hot and cold
temperature reservoirs, and the limit is the idealistic efficiency of a Carnot engine. There are
however other uses for the waste heat, such as with Combined Heat and Power Plants (CHP) to
heat buildings, discussed in the Renewable Energy section, to produce hot water or to heat
materials at an industrial scale such as in some oil refineries or chemical synthesis plants. The
typical thermal efficiency of electric generators is around 33% for coal and oil fired plants and
around 55% for combined cycle gas fired plants.
In essence we have the water running through a pipe that goes inside the very hot
furnace, and by heat exchange, the water flowing in the pipes rises the temperature to a level
where it goes from liquid state to gas state, thus generating water vapor.
When a substance changes its state going from liquid to gas, the volume occupied by the
same amount of matter increases dramatically since now as a gas has a much lower density than
a liquid. The consequence is that we have introduced motion. It is possible to view this in the
sense that space that was not occupied by the liquid water is now occupied by the same amount
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of steam. Now, when the following molecules of the water running through the same pipe
convert at a time “t + Delta” in relation to the previous conversion of the predecessor water
molecule, the gas expansion makes a mechanical chain reaction pushing the steam of the
predecessors that are in gas state (steam) to a new space that was not occupied before neither by
their generation partners or predecessors. This motion is controlled by using pipes, where the
only logical expansion is to continue the motion by running the chain mechanical reaction
through the pipes in an upward direction. Once this motion reaches the turbines, the blades
obstruct the path of the following expansions of gas, thus increasing the overall pressure along
the pipelines as well as on the blades obstructing the path. The blades of the turbines are
arranged in a manner that they can be moved with the calculated force presented by the steam
when is in motion, therefore initiating a motion in the turbines.
However, it is important to note that although this is the basic idea, in reality, more
complex designs are more usual where the water vapor is rarely directly related to the
combustion chamber, but with a series of heat exchange among liquids before reaching the final
substance that will actually run through the blades of the turbines. This is done mainly to control
the changes in temperature trying to smooth the variances throughout the process, and obtain a
more constant electric output.
2.1.3 Mechanical Energy to Electric Energy
Once the motion has been introduced to a turbine, the turbine is rotating. The motion of
the rotation of the turbine is harnessed through the use of gears and devices in order to make
rotate a magnet around some metallic coils, usually made of copper. The copper has the property
since is a metal that the electrons are able to move freely as there is less resistance presented by
the material. These materials are called conductors, since the can “conduct” electricity.
The effect of a magnetic moving in relation to the magnetic coils creates an effect known
as electromagnetic induction: if the magnetic flux through a circuit changes, an electromotive
force is induced into the circuit and therefore, current exists in the circuit. This phenomenon of
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the electromagnetic induction is the key to the fossil fuel power plants and their ability to
produce electricity.
The central principle of electromagnetic induction is Faraday’s Law, which relates the
changing magnetic flux to the electromotive force (emf) in any closed loop, including any closed
circuit. Another aspect is the Lenz’s Law, which predicts the direction of the electric current
given a certain emf. Electromagnetic induction tells us that a time-varying magnetic field can act
as a source of electric field. And we can also predict how a time-varying electric field can act as
a source of magnetic field. These remarkable results form part of a neat package of formulas
called Maxwell’s equations, that describe the behavior of electric and magnetic fields in any
situation.
From this fact in mind, is possible to see that many complex questions in the energy
conversion field can be simplified to the motion of the magnets in relation to the coils of wire.
2.1.4 Steam Condensing to Restart Cycle
Once the steam passed through the turbines, it is channeled through some pipes in order
to cool down and transform to liquid water again. This is done in the cooling towers.
The process is similar to that of the combustion chamber but in an opposite way. This
means that the steam running through some pipes is now running through an area that as a lower
temperature and therefore by heat exchange once again it will transform back to water. The
temperature is decreased with the use of a different flow of water that when in direct or indirect
contact to the steam, balances the temperature due to the fact that the high temperature of the
steam is shared to the new entered liquid water, this means that the secondary flow of water (the
one that is used to cool down the steam) actually increases the temperature, however the mass
ratios are calculated so the new temperature shared by both components of water is below the
boiling point, thus returning to liquid and starting the cycle again, keeping the newly entered
water from going to steam. Also, in order to push the water that just became liquid back again
into the combustion chamber gravity is the preferred method, although it is also very common to
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have pumps to help push the water. It is also common that a fraction of the secondary water flow
gets mixed with the water of the cycle since some of the steam is lost into the air. The water
going out of the cooling tower is at a higher temperature than at which it entered, since now has
some of the heat shared by the steam. This step allows the process to start again minimizing the
losses in water, and accelerating the boiling process of the water since now it doesn’t have to
start at the initial temperature of the first cycle. Cooling down the steam is a key element to
maintain the level and consistency of the entire cycle, which translates into a constant current
flow in the output.
2.2 Coal Power Plant
Coal combustion currently produces nearly 27% of the entire planet energy, just behind
crude oil, and when talking about electricity, coal is the world’s largest single source of
electricity with a production close to 41% (Shindell, 2010).
Coal is used as the fuel in coal power plants, where the coal is put into the combustion
chambers in order to burn and elevate the temperature, thus initiating the cycle of electricity
production discussed previously.
It is believed that with the current state of electricity generation by using coal, it will not
run out for at least another century (DOE/EIA, 2009).
Almost all coal plants operating today use “pulverized coal” technology, which involves
grinding the coal first before putting it into the combustion chamber. This allows for easier
measures of the fuel as well as simplifies handling the material.
Combustion-generated pollutants, such as oxides of nitrogen (NO,x), of sulfur (SOx), and
particulates, if uncontrolled and emitted into the atmosphere represent environmental and health
hazards, such as acid rain. Environmental regulations supported by intensive research and
developments have reduced pollutant emissions significantly, where such improvements in
efficiency and emissions come by increasing steam pressure and the temperature in the steam
cycle, and by increasing the turbine inlet temperature in the gas turbine cycle.
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A newer technology in the coal industry has been developed that is known as the
integrated gasification combined cycle (IGCC) which converts coal into a gas, then runs the gas
through a combustion turbine to generate electricity, and finally utilizes the excess heat from that
process to create steam in the traditional fashion in order to generate more electricity (Freese,
Clemmer, Nogee, 2008).
A potential additional advantage of the Integrated Gasification Combined Cycle (IGCC)
is the capability of capturing carbon dioxide (CO2) from the fuel gas and making it ready for
high-pressure pipeline transportation to a carbon sequestration site. This is the key to the
commercial of “clean” co-production of electricity as well as for hydrogen from coal. The key to
the IGCC high efficiency, is that coal gasification produces a fuel gas that is capable of being
used in the gas turbine. By integrating coal gasification with gas turbine and steam cycles,
advantage can be taken of high efficiency and low pollutant emission while using coal, an
inexpensive and indigenous fuel in many countries throughout the world.
Compared with new conventional power plants, IGCC plants can achieve much lower
emissions of air pollutants including nitrogen oxides, sulfur dioxide, carbon monoxide,
particulate matter, and volatile organic compounds.

Figure 2: Emissions from pulverized coal and IGCC coal plants. [1]
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There are only 4 IGCC Coal Power Plants in the world, where 2 of them are in the United
States, out of which one is located at the Polk Power Station near Tampa Florida, producing 260
MW.

Figure 3: IGCC Coal Power Plant at Polk Power Station near Tampa, Florida [2]
However, even when some advances are still being done with coal technology, given the
large list of disadvantages especially on the environmental side, we can say that the coal industry
is decreasing as shown by the graph of employment in jobs related to the coal industry.

Figure 4: U.S Coal Mining Employment [3]
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The environmental impacts of burning coal are enormous for our planet. It is the leading
cause of smog, acid rain, global warming and toxics in the air.
In an average year, a typical coal power plant releases the following pollutants into the air
(Rogers, James, Maslowski, 2008).


3,700,000 tons of carbon dioxide (CO2), the primary human cause of global warming.
This is the equivalent amount of carbon dioxide as cutting down 161 million trees.



10,000 tons of sulfur dioxide (SO2), which causes acid rain that damages forests, lakes,
and buildings, and forms small airborne particles that can penetrate deep into lungs.



500 tons of small airborne particles, which can cause chronic bronchitis, aggravated
asthma, and premature death, as well as haze obstructing visibility.



10,200 tons of nitrogen oxide (NOx), as much as would be emitted by half a million latemodel cars. NOx leads to formation of ozone (smog) which inflames the lungs, burning
through lung tissue making people more susceptible to respiratory illness.



720 tons of carbon monoxide (CO), which causes headaches and place additional stress
on people with heart disease.



220 tons of hydrocarbons, volatile organic compounds (VOC), which form ozone.



170 pounds of mercury, where just 1/70th of a teaspoon deposited on a 25-acre lake can
make the fish unsafe to eat.



225 pounds of arsenic, which will cause cancer in one out of 100 people who drink water
containing 50 parts per billion.



114 pounds of lead, 4 pounds of cadmium, other toxic heavy metals, and trace amounts of
uranium.
The solid wastes for an average 500 MW coal power plant are in the range of 125,000

tons of ash, 193,000 tons of sludge from smokestack scrubber each year. And in the United
States more than 75% of waste is deposited in unlined, unmonitored onsite landfills and surface
impoundments, with toxic substances such as arsenic, mercury, chromium and cadmium. The
cooling water that is disposed back into the rivers is hotter than the original temperature (20°F)
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which can change the ecosystems such as by decreasing the fertility the of fish as well as
increasing their heart rates. Another waste is the heat from the combustion chambers, where is
estimated that only 33% to 35% of the heat is utilized to generate electricity and the rest is
released into the atmosphere or cooling water.
These are all the primary reasons of why coal power plants are getting most of the
punches from conservationists around the globe.
2.3 Oil Power Plant
The oil power plants are also known as oil fired power plants, and run with the same
principles as a coal fire plant where the heat from burning the oil is used to heat water which
runs turbines in order to generate electricity. The difference is that the fuel used is fossil oil.
Crude oil is highly inflammable and possesses a great amount of energy, but to make the
maximum use of it, the crude oil is refined into petroleum products.
The main products after refining the crude oil are petrol, liquid petroleum gas, kerosene,
diesel, gasoline, gas oil and fuel oil. There are also different end products and uses that are made
from crude oil such as plastics, detergent and chemical fertilizers, lubricants, insecticides and
perfumes, building materials, paints, medicines and to generate electricity.
The world economy is clearly dominated by crude oil supply which accounts for nearly
43% of the entire planet energy consumption (Lloyd, 2005). A world energy supply table is
shown next, where we can see that for every period of time oil has been the leading source of
energy of the world, with only coal behind it, which was discussed in the previous section, and
with natural gas in the third place which will be discussed in the next section.
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Figure 5: World Energy Supply, [4]
We can see there has been an increase in the global energy consumption with an
increment of 4.3% annually more or less, however, is important to note that not all oil usage is
for electricity generation purposes, but rather electric applications is only 3% of the total crude
oil supply (Jin, 2008), where the area that utilizes most of the oil is transportation, with 68%.

Asia Oil demand by Sector

Industrial
23%

Commercial
2%
Residential
4% Electrcity
Generation
3%

Transportation
68%

Figure 6: Asia Oil demand by Sector.
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This is one of the arguments that circulates in the debate of whether or not quit the use of
oil, since as for electric generation is only a small fraction of the consumption, the efforts to
switch global economy from oil to a different source should start with transportation rather than
with electricity generation. However all parties involved in the debate agree that oil is causing
damage to the planet, and can’t be longer be used for the sake of future generations.
The distribution of oil fields across the planet is shown in the next figure (Lloyd, 2005)

Figure 7: Location of world oil resources [4]
The age when oil deposits were formed is highly variable: Siberian fields discovered at
Yuruchbeno in 1983 are around 1 billion years old, and some other more recent deposits were
formed as short as 1 million years ago; however generally oil deposits range from 10 million
years old to 260 million years old. Taking out the substances from such old eras have major
impact in our actual planet and are a major concern to the environmentalists.
The oil reserves are depleting and we need to encounter new ways of supplying energy
since our physical reality does not meet the requirements demands of global economy (Holland,
2006).
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The pollution generated by oil power plants is composed of nitrogen oxides, sulfur
dioxide, hydrogen chlorine and sold particles. The greenhouse gas most emitted is CO2, where
the concentration of air pollutants depends primarily on the combustion technology and the
burning regime utilized, and the particulate matter emissions depend on the filters and ashescapturing devices used within the plant.
The characteristics of air pollutants include a large portion of organic and marcasite
sulfur as well as abundant carbonate minerals. The overall consensus on the environmental
impacts generated by the use of oil is that is contributing to global warming and is a red-spot to
be solved.
2.4 Gas Power Plant
The gas turbine cycle, which is the Brayton cycle, is one of the most efficient ways of
conversion from gas fuel to electricity, in ranges of 48 to 59% conversion efficiency. The gas
turbine cycle has been used long enough to be considered a mature technology that has the
ability of a relatively quick speed-response when turning on and off the system, allowing a
certain degree of tailoring capability for the electric demand of the cities. This is why it is not
surprising to encounter gas reactors in power plants where fossil fuels are the primary source of
fuel and gas is secondary to produce more electricity during certain times and to maintain
flexibility throughout the power plant.
The process in a gas power plant is similar to the others in the sense that gas is burned a
combustion chamber in order to produce heat and utilize the heat to produce steam, which is
used to run turbines to generate electricity. However, for gas power plants, usually an extra step
is introduced where the gas itself when is burned is used to run gas turbines, which also generate
electricity, thus being more efficient.
The reaction inside the combustion chamber is theoretically simple with CO2 being the
only residual, as well as water vapor. The theoretical combustion process at the gas power
stations is the following:
2

2)
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This of course is not the reality since as it was explained before, incomplete combustion
may occur, leaving methane released into air, where methane is a greenhouse gas, also there are
impurities in the combustion environment and impurities coming directly from the fuel can exist,
therefore introducing more materials in the reaction. Gas power electricity is however, very clean
compared to other non-renewable sources, and actually natural gas, because of its clean burning
nature, it has become very popular fuel for the generation of electricity.
In the 1970's and 80's, the choices for most electric utility generators were large coal or
nuclear powered plants; but, due to economic, environmental, and technological changes, natural
gas has become the fuel of choice for new power plants. In fact, in 2000, 23,453 MW
(megawatts) of new electric capacity was added in the U.S. Of this, almost 95%, or 22,238 MW
were natural gas fired additions. In addition, gas fired electricity generation is expected to
increase dramatically over the next 10 years, as all of the new capacity that is being currently
constructed will come online (DOE, EIA, 2010).

Figure 8: Total U.S natural gas production in five cases 1990-2035 [5]
Even though natural gas is a relatively clean source of energy, a report published by the
Organization for Economic Co-operation and Development (OECD), and the International
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Energy Agency (IEA) in 2006 urges the international community to invest heavily in energy
efficiency in order to avoid a global economic crisis. It is estimated from the forecast done
through 2030 that the different world governments will need to invest at least $20 billion into
energy infrastructure over the next 25 years to meet the growing worldwide demand of
electricity.
2.5 Nuclear Power Plant
A nuclear power plant uses a nuclear reaction at the core of the combustion chamber
from where the heat is used to generate steam to run the turbines in order to produce electricity.
This means that the overall general idea of a nuclear power plant is the same as those of fossil
fuel power plants, but with the difference that the material used as the combustible is for this
case, fissionable material that can be controlled in a nuclear chain reaction in order to produce
the desired quantity of heat, which is used to generate the correct amount electricity.
The most common fissionable materials utilized are uranium-235 and plutionium-239,
which are used to run the nuclear chain reaction. The chain nuclear reaction occurs when a
nucleus of the atom of such fissionable materials absorbs a neutron, allowing a nuclear fission to
occur. During a fission reaction, the atom splits into two or more nuclei of smaller size at great
speeds which even with the small mass contained in the fraction of the separated atom, still is
considered to contain kinetic energy. These particles are known as fission products. During the
fission nuclear reaction, when the nucleus is separated, it also releases gamma radiation and free
neutrons. A portion of these neutrons may later collide with other fissile atoms of the same
material and thus creating more nuclear fission reactions, which release more neutrons, and so
the process continues generating a chain reaction inside the nuclear fission chamber.
This nuclear chain reaction can be controlled by using neutron poisons and neutron
moderators usually in the form of rods to change the portion of neutrons that will go on to cause
more fission. The way that these rods work is by introducing them into the reactor chamber
where all the subatomic particles are colliding with each other, with the purpose of allowing the
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nuclear particles to collide with it, and since the rods don’t generate fission but rather absorb the
kinetic energy of the subatomic particles, there is less chaos occurring inside the reactor
chamber. This translates as a reduction in the probability that the particles have to collide with
the fissionable material, since the rods are now occupying the space through which the free
electrons, neutrons and the other particles would travel freely if there was no rod. Nuclear
reactors generally have automatic and manual redundant systems to shut the fission reaction
down if unsafe conditions are detected.
The next step in the process is a cooling system that removes heat from the reactor core
and transports it to another area of the plant, where the thermal energy can be harnessed to
produce electricity or to do other useful work.

Figure 9: Nuclear Power Plant Diagram [6]
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There are many different reactor designs, utilizing different fuels and coolants
incorporating different control schemes. Some of these designs have been engineered to meet
specific needs. Reactors for nuclear submarines and large naval ships in example, only use
highly enriched uranium as a fuel. This fuel choice increases the reactor's power density and
extends the usable life of the nuclear fuel load, but is more expensive and presents a greater risk
to a nuclear proliferation of the reaction to some other nuclear fuels that may be stored inside the
submarine.
A number of new designs for nuclear power generation, collectively known as the
Generation IV reactors, are the subject of active research and may be used for practical power
generation in the future.
Currently almost 14% of the world electricity is coming from nuclear power plants
(IAEA, 2010). For nuclear energy the last 2 years have been particularly special in the sense that
it has been increasing despite the world economic crisis of 2008. Currently 29 countries operate
441 nuclear power plants with a total estimated capacity of around 375GW, where 60 more are
under construction as for august 2010, showing a trend in increase since 2005. The peak of
construction of nuclear power plants around the globe occurred in the 70’s as shown on the next
graph.

Figure 10: Construction starts of nuclear power plants by year [7]
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In the recent years, after a 15 years lag in the interest in nuclear power, the topic is
gaining more interest around the world, where at least 60 countries have expressed their interest
in exploring the possibility of introducing or expanding nuclear power to supply the energy
needs of their spaces. This can be attributed to the fluctuating prices of fossil fuels, which make
it more difficult to make accurate assessments of projects, as well as the generalized concerns of
the globe population regarding global warming.
Also during these 15 years in which nuclear power was practically dormant, more
advances in efficiency and safety have been done in the nuclear power area, encouraging the new
investors to consider nuclear energy as their primary source of electricity given the fact that there
is today many reactor-years of experience in the market of the nuclear energy industry. So we
can conclude that the international context in which the considerations are being done is different
from the past.
The Chernobyl accident had a major influence on public opinion. The catastrophic failure
forced the nuclear industry to find solutions to the problems presented and many of these efforts
were captured in the 1996 Convention of Nuclear Safety and the subsequent Joint Convention on
the Safety of Spent Fuel Management and also on the Safety of Radioactive Waste Management,
which started in 2001. However it is worthy to note that nuclear power was actually in decline
before the incident of Chernobyl due to economic factors.
Regarding safety of nuclear power plants, the Chernobyl incident is the most dramatic
example in which is worthy to note that if a fission reaction started, it will continue to grow
exponentially as each nucleus partitioned will continue to activate the adjacent neighbors. There
is the potential danger of having an uncontrolled fission nuclear reaction.
There are only 4 ways that this chain reaction can be stopped, although 3 of them are
dangerous and are treated mostly as theoretical approaches. These are: in case a nuclear fission
reaction goes out of control, introduce all the possible rods and materials in the reactor chamber
in order to prevent further subatomic collisions, and this is usually the only method used to stop
the process. The other 3 are: to wait until the fissionable material is ejected to a safe zone where
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it can continue to fission without presenting any danger, of course there is no real zone to do this
other than ejecting the material to the space outside of the earth atmosphere, the third one is, if
the reaction is uncontrollable due to the failures of the safety systems, to remove the fissionable
material in reaction out of the chamber and take it to a new chamber where it can be controlled
using new rods and cooling processes, which, although would not stop the reaction since there
are subatomic reactions inside the material, it could present a theoretical opportunity, this option
is not doable given the extreme temperatures and radiation output of the uncontrolled material,
not counting that if the nuclear chamber is opened at the time of a reaction, the environmental
damages to the environment would be catastrophic, as well as the directly related casualties of
the persons involved in the safety process. The last option is to wait and allow the fissionable
material to deplete itself, however this is option presents great danger since the temperature will
continue to rise in an uncontrolled manner until the entire reactor melts down or explodes, where
the nuclear reaction would continue regardless the openness and exposure to air, releasing
enormous amounts of radiation and heat into the environment. The heat can be so enormous as to
burn the graphite rods that are used to contain the particles when the reaction is controlled, and if
the graphite survives, the sudden exposure at those temperatures to air causes the atmosphere to
ignite.

Figure 11: Ukraine’s Chernobyl Nuclear Plant after the incident in 1986 [8]
25

This process just described is what happened in Chernobyl when the nuclear reactor core
4 suffered an uncontrolled rise in temperature until its explosion, causing radiation damage in a
radius of 30 miles lasting for an estimate of 20 years.
2.6 Fossil Fuel Energy Summary
The different fossil fuel technologies nowadays continue to produce the overall electricity
consumed worldwide. Although the general society around the globe agrees that these type of
energy sources should be decreasingly used, there is still not a clear pattern that these
technologies are in reduction and in one of them (nuclear) there is even an increase during the
last years.
The production distribution is shown in the following table.

Figure 12: World Energy Production by Energy Type [9]
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We can see from the graph that the overall electricity consumed around the world is
increasing steadily, where oil is still the most utilized source followed by coal and with natural
gas in the third place. Nuclear Power is relatively competing with Hydropower which is
discussed in a different section.
The pollution contribution of each source of energy projected from 2010 to 2050 is
presented in the following graph, in equivalent units of CO2, shows the enormous impacts in the
environment from the different sources of electricity.

Figure 13: Projected Estimation of Pollution Growth Categorized by Energy Source [10]
In the matter of pollution, coal, oil and gas are the leading sources of the entire planet
pollution. This is the argument of the conservationist of why the non-renewable energy sources
should not be utilized anymore. However as discussed in the previous sections, there is also the
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argument that the prices are rising as the fossil fuel prices continue to fluctuate and gradually less
and less reservoirs are available.
A smooth transition should be done from non-renewable energy to renewable sources of
electricity.
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3. Renewable Electricity
The term Renewable Electricity is used to describe the electricity that is being generated
with processes that are cleaner and friendlier to the environment than the traditional electric
sources. The idea is that by using these processes we are not using a substance that is being
depleted in general as a fuel to generate electricity and therefore has a limit on its usage
(European Commission, 1997). The term Renewable Electricity is sometimes interchanged with
the term Renewable Energy having the same meaning of producing electricity not contributing to
the pollution of the environment in general, where other authors use the term New Renewables
(REN21 2010).
The concept of Renewable Energy is still on debate on whether some technologies can be
considered as Renewable Energy Sources or not, depending on many different views and aspects
such as the social perception and the national circumstances of the territory where the problem is
being addressed. Some technologies can be considered renewable from a certain point of view
and not from another point of view. A clear example of this is the Biomass which has the
argument that yes is true that it produces electric energy from what was already considered
unusable material and therefore increases the overall human efficiency relative to nature, but in
reality still generates pollution by itself and still uses a certain fuel, which is the organic
compost. However as long as it contributes to decrease the overall pollution of the planet and
tries to provide a solution to the problem, it is generally accepted that such technologies, like
Biomass in this case, are in fact Renewable Energy Technologies.
There is no universally accepted definition for renewable energy, neither for renewable
electricity.
There are some technologies that are out of the debate since they can clearly be
considered renewable by anyone from any point of view, such as photovoltaic, wind power and
ocean waves. There are other technologies however that in more or less degree can be questioned
whether they belong to the renewable energy type or not, such as the Solid Waste Incineration,
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which is not renewable from a strict point of view that it generates clear pollution and has a
limited fuel base, however, it tries to solve the problem by using material that was already
considered pollution and in consequences is in many times considered as a type of renewable
energy because of its environmental benefits under certain circumstances. Biomass may be
considered renewable depending on its energy return on investment (EROI). For policy purposes,
whether an energy technology is considered renewable or not greatly depends on political and
country-specific considerations.
This section is intended to provide a necessary background relative to the different
renewable energy technologies existing, according to what the European Union agrees (Directive
2010/31/EU) in what qualifies as renewable electricity in the form of a list.
1.

Wind power

2.

Solar photovoltaic

3.

Solar thermoelectric

4.

Hydropower

5.

Geothermal

6.

Biomass

7.

Tidal energy

8.

Wave energy

9.

Landfill gas

10. Solid waste incineration
11. Co-firing and combined heat and power (CHP)
12. Other future technologies

3.1 Wind Power
Wind power transforms the kinetic energy from the wind into usable electricity by using
wind turbines.
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The wind turbines are composed basically of a tower base, 2 or 3 blades that spin as they
are pushed by the wind and a generator at the middle hub where the motion of the blades is
transformed into electricity by means of inductance.

Figure 14: Diagram of a Wind Turbine [11]
There are other models for small-scale power generation or mechanical uses of wind
energy, but are not considered in this thesis.
Wind turbines can be grouped to work together generating electricity where this kind of
arrangement is commonly known as wind farms. A wind farm is basically a group of wind
turbines that produce electricity at large scale; wind farms require a relatively large open space
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since each single wind turbine needs to be located at a distance not too close of other wind
turbines.
Wind power is becoming more popular nowadays, as it has shown a dramatic increase in
installed capacity in the US since 1998 to 2007 (Wiser, 2008).

Figure 15: Capacity of Wind Power in the United States [12]
Wind power has experienced a very rapid technological improvement and impressive
growth rates in installed capacity and generated electricity over the last decade.
The prices however have been steadily increasing since 2002 up to 2008 in the US as
shown in the picture below.
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Figure 16: Wind Turbine Transaction Prices versus Time in the US [12]
The rebound observed in prices from 2002 up to 2008 is due to three factors:
1- The installation of the new models of turbines that have higher cost per kW, but also
have a better utilization of the wind resource and a better quality of the electricity output such as
improved sustained voltage with no sudden disconnection on high winds.
2 – Increase in prices of steel worldwide, which increase hub and tower costs.
3 - An offer/demand price raise strategy by the manufacturers since there was an evident
worldwide shortage on wind turbines in 2005 and 2006, caused by the large demands of the
product.
Wind power contributed 35% of all new generating capacity in the US in 2007, leading
the world in wind capacity additions above China and Spain. However the total utilization of
wind power is still being led by Denmark with 20% of consumption being supplied by wind
energy, where the US is in 13th place with less than 2% of the total consumption being supplied
by wind energy.
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Figure 17: US lagging other countries in wind as a percentage of electricity consumption. [12]
The development of wind power so far is not correlated to wind energy resource, but to
effective promotion policies, where wind power growth rates are the second largest growth rate
among all energy technologies, behind photovoltaic. It is important to note that the vast majority
of the installations up to the date has been done inland which also known as on-shore. Marine
installations are believed to play an important role in the future since the wind turbines
experience no interferences with the use of land. There are however some off-shore wind farms
that have been already deployed such as the Horns Rev Offshore Wind Farm owned by
Vattenfall and Dong Energy in Denmark.
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Figure 18: Horns Rev Offshore Wind Farm in Denmark, Courtesy of Vattenfall [13]
3.1.1 Attributes of Wind Power.
Since the wind turbines can generate electricity only when the wind is blowing, the
electricity is intermittent and non-dispatchable. This means we can’t order a wind turbine to start
generating electricity at our will but will follow an output proportional to the cube of wind speed.
Also the location of the wind turbine or wind farm is very relevant. The new wind turbines
reduce year after year the minimum thresholds of operation due to the technological innovations.
And, since
Wind farms can be constructed in separate phases, it can be considered somewhat
modular. It is important to note however, that wind turbines cannot be added individually to
existing wind farms due to limitations in control and voltage the transforming capacity, therefore
is not a truly modular technology.
Wind power varies with hourly, daily, seasonal and yearly patterns that are difficult to
predict, and this is the reason why to produce mathematical models to find the optimum
combination of wind turbines to produce the cheapest electricity to meet the demand is a very
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complex problem which, with the appropriate forecast could be at the end treated as a
combinatorial problem.
3.1.2 Environmental Impacts of Wind Power.
The environmental impacts of wind power are relatively small as compared to other
technologies, being one of the best options when considering the pollutant emissions to the
atmosphere. The impacts could be reduced to those associated with the construction phase of the
wind farms and when in operation, to the aesthetics and safety of the wildlife.
The construction impacts are the ones associated with building, opening roads, moving
machinery and heavy equipment and in some cases clearing the forest in a radius 10-20 turbine
height.
When in operation stage, the aesthetics impacts are difficult to assess since some people
believe they make the panoramic view ugly where some other persons believe it is actually an
improvement, mixing technology and nature in the planet. The phenomenon of aesthetics is solid
world-wide among conservationist where some experiments have been done painting the wind
turbines with a sky-tonality color.
The safety impacts are those associated with airplanes and helicopters for when a red
indicator needs to be put on top of wind turbines that are above certain height or close to airports.
Also a flashing light indicator is necessary for the night. Other safety impact could be radar
interference.
The wildlife impacts when in operation stage are related to the noise of early wind
turbines, which has been dramatically reduced by newer models and therefore is not any longer a
concern, also the possibility of possible bird collision which has been also reduced by the usage
of low speed wind turbines, and because of the power lines associated with the wind farms the
possible forest fire hazards, electric hazards and electromagnetic radiation. These matters are
important among the conservationist and the US government (AWEA, 2004).
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For offshore wind farms the impacts are those related to fishing, navigation and possible
effects on marine life. The concern with the offshore wind farms is more related to the power
lines lying or burying under the seabed since those lines could have an impact on fragile
ecosystems and sensor systems of specific animals such as the sharks, which use the electrical
impulses of the prey’s nerve system to locate and attack. And if close to shore, they still have an
impact on birds (Desholm & Kahlert, 2005).
A table to summarize the information is presented next:

Table 1: Wind Power Summary
Technology:
Intermittent:
Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:
Wildlife Impact:
Health Hazard:

Wind Power
Yes
No
in between
Yes
Yes
Yes
Yes
No
No
Yes
No
Difficult to
Assess
Small

Aesthetic Impacts:
Location Dependency:

3.2 Photovoltaic (PV)
Solar energy can be utilized basically in 2 ways: the first way is by taking advantage of
the photoelectric effect, and the second is the solar thermoelectric approach. This section
introduces the photoelectric effect approach while the solar thermoelectric is explained in the
next section.
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Some materials have a property called the photoelectric effect, and the majority of these
materials are semiconductors. The photoelectric effect basically is a singularity that when a
photon collides with the specific material, it releases an electron. Now if, for our purposes many
photons continuously hit the material, a series of electrons are released creating a current.
Sunlight is basically a shower of photons, making the sunlight the source of energy for this type
of electric generation
.

Figure 19: Solar Panel [14]
A solar panel also known as a photovoltaic cell is basically a device that when is exposed
to sunlight generates electricity that can be used by the different power grids. Given the
properties of the solar panels, it is considered a modular technology into all sizes, which ranges
from less than 1 watt output, to as large as 18 MW power plants. An example of this is found in
Clark County in Nevada,
Photovoltaic panels react directly to the sunlight, therefore are an intermittent source of
electricity given the chances of change in weather which could obstruct the sun like clouds, rain
or sandstorms, also the temperature of the location usually affects the power output of the solar
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panels. However for any particular day in any location where the latitude and longitude
coordinates are known, the solar radiation can be predicted to a certain degree by using the sun’s
elevation (zenith), direction (azimuth) and sunlight expected intensity corresponding to the
season of the year. However the insolation which is the sunlight energy that reaches a particular
surface is not so predictable given the fact that it is also influenced by meteorological factors
such as humidity and haziness.
An example of the type of behavior of the variances of sunlight for different years in 2
different scenarios compared (Brazil and Japan) is shown in the picture below

Figure 20: Variation of UV Intensity between 2002 and 2004, for Brazil and Japan [15]
It is interesting to note that the cycles are somehow predictable with a similar stochastic
behavior to that of the wind speed but with different distributions relative to wind. Also is
worthy to see that for different locations (Brazil and Japan) the behaviors are somewhat opposite
to each other, given the fact that they are at the south and north hemispheres respectively. The
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daily variances of solar energy tend to produce more energy during the day (since there is
sunlight) and not in the night, having the peak production usually according to the peak demands
of the different power grids which is usually also at times like 3:00 p.m. depending on the city,
where some cities have 2 or more peak times during the day. In the figure below we can see 4
peaks at 9:00 a.m., at 12:00 noon, at around 2:00 p.m. and the last one at around 3:30 p.m. in the
solar radiation (direct normal) which in consequence has a direct impact on the solar electricity
produced by the solar panels, in Golden Colorado on November 18, 2010 as provided by the
Solar Radiation Research Laboratory (BMS) of the NREL

Figure 21: Solar Conditions November 18,2010 at Golden Colorado BMS Solar Radiation
Research Laboratory [16]
This makes the solar energy a very good tool for pre-existing power plants where the
portion of solar electricity can be produced during the peak hours thus reducing the cost of
production at those times, since solar energy requires no fuel (strictly speaking the fuel is the
sunlight which will deplete when the sun run’s out). An example in this argument is that it has
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been calculated that by installing 1GW of PV power in Massachusetts, even at its higher
generation costs, would have saved 3-5% on final electricity costs due to peak-shaving (Martin,
2004). The nature of peak demands and supply will be treated in a different section of this thesis.
3.2.1 Attributes of Photovoltaic Cells
Photovoltaic cells is that they can be installed at various locations of the power grid such
as roof tops in residential areas or any other where they can easily feed the particular’s MicroGrids, this is called decentralized nature, where they can also serve the primary power grid
feeding directly into the low voltage grid, increasing stability.
The electricity produced by photovoltaic cells is intermittent since it depends on the
behavior of the solar resource. The technology is modular, since it can be arbitrarily connected to
pre-existing installations of solar panels, and replaced individually. Insolation is the main factor
to calculate solar potential in a particular area. Other factors are land availability, technical
capacity and, for grid connected applications, the possibility of access to the grid.
3.2.2 Environmental Impacts
The environmental impacts of the solar panels are mainly on the aesthetics once the
components have been installed and also the impacts associated with the manufacturing process
of the photovoltaic cells.
Regarding the aesthetics, the impact is similar to the wind power in the sense that is
difficult to assess, where there are however some urban areas where there are building and
zoning codes that sanction what is and what is not aesthetically allowed. Photovoltaic cells can
occupy marginal spaces, such as building roofs, or road and railroad margins and can also be
integrated into the actual roofs, facades, noise barriers and shade structures such as in parking
lots, etc.
The impacts associated with the production of photovoltaic cells is in the matter that it
uses many toxic products in the process and in the disposal stage of the product.
A table to summarize this information is presented next:
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Table 2: Photovoltaic (PV) Summary
Technology:
Intermittent:
Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:
Wildlife Impact:
Health Hazard:

Photovoltaics
Yes
No
Yes
Yes
Yes
Yes
Yes
No
No
No
?
Difficult to
Assess
Small

Aesthetic Impacts:
Location Dependency:

3.3 Solar Thermoelectric
Solar thermoelectric energy is different from the photovoltaic cells since it produces
electricity using a different principle from that of the photoelectric effect. Solar thermoelectric
produces electricity by concentrating the heat of the sun into a single spot where the temperature
rises and it is used to generate electricity either by heating water to create steam to then run a
generator similar to those found in traditional power plants, or by using the heat concentrated at
the single spot to run a stirling engine which activates a generator to produce electricity.
In addition, solar thermoelectric should not be confused with solar thermal energy which
although follows similar principles of concentrating heat from the sun into specific locations, is
used for a different purpose which is to generate hot water for domestic use, or heat air for
domestic use as well.
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Solar thermoelectric energy devices can be categorized into 3 types all of which are
considered to be still in the demonstration stage, not very available to commercialization. These
technologies are power tower systems, parabolic through systems and parabolic dish systems
(www.solarplaces.org).
The solar towers are adjustable large mirrors called heliostats, where many together are
used to concentrate the reflection of the sun into a single spot where the temperature can rise to
levels above 1000 °C, to be later used to produce electricity. A popular example of this type of
arrangement is the Plataforma Solar de Almería in Spain.
Parabolic through technology are mirrors in the shape of a cylindrical parabola to
concentrate the sun into a single spot along the focal axis. The concentrators are adjustable in
order to track the sun, and the temperature these parabolic through systems can reach is up to
400°C for each parabola. This type of system can use a Stirling engine to run a generator by
taking advantage of the difference in temperature; however the most common design is to
evacuate the heat by using a fluid which is generally a mineral oil, used to run a Rankine Cycle
where the heated fluid is used to generate water vapor via heat-transfer where the steam is then
used to run a turbine that converts the kinetic energy of the motion of the steam into electricity
by using electromagnetic induction.
In California the law pushes to generate energy from renewables, which makes the
Mojave dessert a very active location for the generation of solar thermoelectric plants, where
today’s world largest project is underway with a 246,000 Mega Watt-hour per year plant is
proposed to open in Ivanpha California (Chino, 2008).
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Figure 22: Solar Thermoelectric Plant in the Mojave Desert in California [17]
The solar parabolic dish uses parabolic and cylindrical mirrors to concentrate solar light in a
focal point. This system needs horizontal and vertical tracking to follow the sun throughout the
day. If we compare the parabolic mirrors to the cylindrical mirrors, the cylindrical mirrors have a
higher concentration factor than parabolic; however the technology of cylindrical is less
developed.

3.3.1 Solar Thermoelectric Attributes
Solar thermoelectric is intermittent, similar to any source of solar energy since they all
depend directly on the sun. There are some places however where it is practically guaranteed that
there will be mostly sunny days and only a few clouds through the entire year.
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The costs for solar thermoelectric plants are estimated to be in the range of 17 to 23 cents
of Euro by kWh (IDAE 2005) and are relatively easy to build since is just basically a group of
mirrors.
However the intermittency inhibits the investment of this type of technologies, and until
more ways of storing energy to smooth the generation curve are developed, it is believed that it
will remain at a dormant state. The principle of solar thermoelectric are relatively easy to
understand: concentrate solar heat at one spot, and use the temperature to generate electricity by
different means, either by steam turbines or stirling engines.
3.3.2 Environmental Impacts
The environmental impacts of solar thermoelectric power are very small, where the
aesthetics is one more time difficult to assess. The environmental impacts are associated with the
use of large land areas in order to put the mirrors; however this is usually done in desserts where
there is less wildlife and putting a fence around the perimeter. Only if an animal touches the
focal concentrator at the towers it will instantly burn given the temperatures above 1000°C,
however the towers are several meters above ground making it possible only for birds which
usually sense the heat before coming too close to the hot spot. If an animal touches the mirror
could get injured given the high temperature of the mirror although the mirrors are also difficult
to reach, however the shade generated by the mirrors could be a safety issues for the technicians
performing the maintenance on the mirrors since small animals usually like shades especially in
a dessert where shade could be considered a luxury.
Following is a table summarizing the information of this section.

Table 3: Solar Thermoelectric Summary
Solar
Thermoelectric
Yes
No

Technology:
Intermittent:
Dispatchable:
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Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:
Wildlife Impact:
Health Hazard:

No
Yes
Yes
Yes
Yes
No
No
No
No
Difficult to
Assess
Yes

Aesthetic Impacts:
Location Dependency:

3.4 Hydro-Power
Hydropower is the most mature renewable energy technology, and it can be divided into
2 ranges depending on the output capacities. The principle of hydropower in general is to use
water to run some turbines which are connected to a system of generators to produce electricity
via electromagnetic induction. The water motion is caused by gravity similar to a water fall,
however is very common that large dams are constructed where water is released to produce
electricity. This type of construction known as hydroelectric plant can be classified as a Large
Scale Energy Storage System, since the kinetic energy of the water is basically stored in the dam
and we are able to release the water when we want (mostly) unless there is danger of going over
the limits of the dam creating a catastrophic failure.
Hydropower as mentioned earlier is usually divided into two categories: large and small
hydropower.
The definition of small hydropower is not fixed and in reality changes from one
organization to another and most essentially, from country to country, however the general idea
is that is power capacity less than 50 MW or 15 m height of the dams, or capacity less than 10
MW. Other definitions are more complex.
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Small hydropower is composed usually of a dam and a water tank that serves as a storage
energy system, and the water flow comes usually from a river where some pipes as installed to
use improved gravity environment to run some turbine generators. There are cases where the
water flows directly through the turbines from the river stream without any reservoirs or other
types of installations such as the pipelines.
The large hydropower follows the same basic principles but with larger scale, where the
most common is the use of large dams in order to store potential kinetic energy of the water that
can be released at will into the large water turbines to generate electricity. It is restricted however
to specific locations where this can be applied, and in developed countries usually there is
limited potential for additional capacity for large hydropower plants, and the reason is because
the potential sites have either been already developed or are not available because of social
constraints or environmental restrictions.

Figure 23: Outflow test at Hoover Dam in Nevada Arizona [18]
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3.4.1 Hydro Power Technology Attributes
Hydro power is not intermittent and can be controlled by controlling the water flow
released from the dams and water reservoirs. It can be used as a Large Scale Energy Storage
System since the potential kinetic energy of the water can be released at will and contained also
with freedom. The technology for large hydropower is dispatchable, as long as there is a
reservoir in the dam or tanks, and for small hydropower it is not really dispatchable since it
usually follows seasonal and yearly patterns since the water is depleted faster since there is less
storage capacity.
Hydropower is not modular since each project has to be designed for a specific location,
and although for some cases there is the possibility of an expansion of the dam and the
introduction of new turbines, this is not considered purely modular since it greatly depends on
the particular circumstances of the hydropower plant.
3.4.2 Environmental Impacts
The environmental impacts for hydropower are large, since they practically change the
entire landscape by creating dams, which can sometimes flood entire valleys and change the
wildlife of the location, changing the levels of the rivers and cycles of delta areas as well as the
nutrients of the water. This is the reason of why sometimes the hydropower is not considered as a
renewable energy technology, however strictly speaking, once it was built, it doesn’t generate
more pollution, and these are the basics of the arguments in debate. Dams also force the
abandonment of human settlements in flooded valleys, and change the socio-economic structure
of the region, since they can also introduce new activities to the area like tourism to see the dam
and water irrigation for local agriculture. Large dams emit methane, product of the organic
matter in decomposition.
For small hydropower, there is not a direct consensus regarding the environmental
impacts, but is generally accepted to be less than those of large hydropower. Some impacts
associated with small hydropower are decreased water levels because of stream deviation,
changes in water temperature and physical fragmentation of the river course, and the
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proliferation of invasive species. There are some environmental organizations that oppose to
hydropower at any scale arguing that the damage to the environment per kWh is large regardless
of the scale of hydropower, like the Sweedish Society for Nature Conservation.
Following is a table summarizing the information on Hydro Power:

Table 4: Hydro Power Summary
Technology:
Intermittent:
Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:
Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:

Hydro Power
No
Yes
No
No
No
Yes
Yes
Difficult to
assess.
No
Yes
No
Yes
Yes

3.5 Geothermal Energy
The idea of geothermal energy is to use the heat energy from the center of the earth in
order to heat water vapor here in the surface to use it in a Rankine cycle in order to produce
electricity.
Geothermal energy uses the energy from the earth’s inner heat, and sometimes instead of
using a Rankine cycle to generate electricity through a turbine via electromagnetic induction, the
vapor is directly used from the natural geysers to run the turbines and generate the electricity.
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Figure 24: Geothermal Plant in Reykjavik Iceland [19]
The United States is the country with the largest geothermal installed capacity, with
California being the state producing around 40% of the entire planet geothermal electricity. In
2004 there were 2,492MW of installed geothermal capacity in California, generating
13,571GWh, which was the 4.8% of the state’s power generation. The second country with the
most installed capacity for geothermal electricity is the Philippines, with 1909MW, Italy ranks
3rd with 785 MW in installed capacity, and is followed by Mexico which ranks in 4th place with
755 MW installed capacity (Muñoz, 2007).
This is in part due to the fact that geothermal energy is very site dependant. Particular
geothermal conditions and water access are needed for electricity generation. Applications for
heating water are a much more common use of geothermal energy.
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Figure 25: Geothermal Resource of the United States [20]
The process is to find locations suitable for a geothermal plant, then build the initial
installations, start simulation processes for the drilling, then the actual drilling, and at the end is
the confirmation of the exploration done before the actual usage of the geothermal plant. These
costs represent a high initial investment as compared to other sources of energy. A graph
presenting the cost distribution is shown next, where we can see the costs associated with each
stage of the construction process and comparisons between the expected depth of the required
drilling and the temperature obtained.
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Figure 26: Geothermal costs for different target classes. [21]
3.5.1 Geothermal Technology Attributes
Geothermal energy is not intermittent, although it exhibits the same patterns as the
geysers erupting at specific intervals from ranging from minutes to days, while others operate
with a continuous flow. The geothermal energy cannot be dispatched since it follows the patterns
of the specific locations which are different for each plant. The intervals are usually smoothed
with the usage of storing energy systems to a certain degree. The ranges of production are
usually from 6.4 GW to 30 GW.
3.5.2 Environmental Impacts of Geothermal Energy
There have been some links between the usage of geothermal energy and minor
earthquakes (Lepisto, 2007). Other impacts are related to some pollutants like heavy metal
mixtures and sulphur that are sometimes found in the underground and can contaminate the
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surface or underground aquifers. Also there is impact in changes in temperature of the water in
the underground aquifers when the pipes run through them depending on the case.
The aesthetics is impacted in the sense that usually a single geothermal plant pulls energy
from different wells at the same time, and the pipes go to the surface first where then they run
through the landscape until reaching the geothermal plant, making a visual impact.
The next table summarizes the information for geothermal plants.

Table 5: Geothermal Energy Summary
Technology:
Intermittent:
Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:

Geothermal
No
No
No
Yes
Yes
No
No
No
Difficult to
assess
No
No
Yes
Yes

Generates Pollution:
Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:

3.6 Biomass
Biomass energy is a term that is used to describe the usage of organic material such as
decomposed animal parts, plants, food residues, etc. that are compiled in order to be used as a
fuel for a burning process for the generation of electricity. The technologies utilized for
electricity generation from biomass are a wide range going from direct firing and burning, to
biogas and different gasification devices.
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The idea among the different technologies to use biomass is the same which is to use
organic matter flow and burn it either directly or indirectly in order to extract the energy. The
environmental benefits of biomass largely depend on the combustion process used and the origin
of the biomass itself.
Biomass is sometimes not considered a renewable energy source since still it generates
pollution from the burning process and requires specific fuels, and generally is considered or not
depending on its Energy Return of Investment (EROI). This is that if the process of generating
and collecting the material for the biomass is economically viable then biomass is generally
considered a renewable form of energy, on the counter side, if it is not economically viable is not
considered as a renewable energy source. This could confuse the concept of renewable energy
since the original concept is based on whether the energy generates pollution or not and is the
fuel can be easily depleted as well, although for biomass usually the concept intersects with the
economic benefits of the electricity generation process.

Figure 27: Biomass plant at Longannet, Scottland [22]
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Typical biomass sources include agriculture and forestry residues like straw, tree bark,
sawdust, old wood, food and industry waste like nut shells, cooking oil, spoiled or non-sealable
food, sludge from wastewater treatment plants, the organic fraction of urban waste, manure,
energy crops like conventional cereals, oil seeds, sugar cane, or more specialized plants, which
are planted solely with the intention of producing energy of this type.
It is worthy to note that energy crops are less commonly used for renewable electricity
and more frequently used for bio-fuels, particularly ethanol from sugarcane and corn.
The process of direct firing consist of burning the biomass, where the heat generated
from the combustion is used to generate water vapor to follow the usual Rankine cycle of
running vapor turbines to generate electricity. A biomass plant works practically similar to a
traditional coal power plant but with different fuel. It is also common to process the biomass
before entering the furnace, usually compiling the organic materials into pills or pellets in order
to be able to measure the intensity of the combustion and control more easily the output of
electricity.

Figure 28: Biomass Pellets [23]
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The process of biogas consists of degrading the biomass through biological processes in
order to generate natural gas which is mostly methane, since this gas can be burned to generate
electricity in a gas turbine, or to heat water to use steam turbines or perhaps run some sort of
combined cycles.
The process of gasification of the biomass is another method for burning the biomass in a
more complex manner similar to that followed by some fossil fuels where the initial residuals are
re-burned using different processes and producing some usable by-products that in the case of
biomass is usually a type of chemical feedstock.
Biomass is in reality less promising for electricity generation purposes than for other uses
like thermal and bio-fuel applications, and this is part due to the fact that the opportunities for
biomass in the transportation areas as well as on thermal applications appear to be much more
attractive.
3.6.1 Biomass Technology Attributes
The technology used for biomass generation covers a wide range of different
components, many similar to the ones used in a coal power plant since the principles of burning
solid material to create heat and use it to generate electricity are the same.
Biomass can be generally stored for long periods of time and can be considered
dispatchable and non-intermittent, although some variability may existing during different
seasons depending on the fuel used.
3.6.2 Environmental Impacts of Biomass
Producing electricity using biomass pollutes the air by the generation of carbon dioxide,
although the concentration and quantity varies depending on the mixture of organic matter used.
To calculate the exact emissions a more sophisticated process needs to be performed for each
case. This author recommends the usage of Gabi software to help with such a task.
A summary of the biomass as a source of electricity is shown next:
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Table 6: Biomass Summary
Technology:
Intermittent:
Dispatchable:

Biomass
No
Yes

Modular:

Depends on
technology and
fuel source

Variance, Hourly:

No
Depends on fuel
source

Variance, Daily:
Variance, Seasonal:

Depends on fuel
source

Variance, Yearly:

Depends on fuel
source

Contributes to Global Warming:

Depends on
technology and
fuel source

Generates Pollution:

Depends on
technology and
fuel source

Wildlife Impact:

Depends on
technology and
fuel source

Health Hazard:

Depends on
technology and
fuel source

Aesthetic Impacts:

Depends on
technology and
fuel source

Location Dependency:

Depends on fuel
source

3.7 Tidal Energy
Tidal energy uses the gravity potential created by tides. It is not new but it has been used
since the middle ages in Europe with mills and salt works. Tidal energy can be exploited by
constructing tidal dams clustering a zone of the ocean, and by installing underwater turbines that
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rotate as the water continuously flows from the ocean to the controlled dam and vice-versa as the
tides continue to go on.
Nowadays there is only one operating tidal dam in the entire planet, in La Rance, France,
which was built in 6 years from 1951 to 1957
.

Figure 29: La Rance Tidal Dam [24]
When the tide goes up, the water level is 13.5m higher on the sea side of the wall, and is
allowed into the estuary through the turbines that generate electricity via electromagnetic
induction. When the tide goes down, the estuary is full and the water is allowed out through the
same turbines which are reversible, and generate electricity once again. The whole installation,
comprising 24 turbines, has a rated power of 240MW, and while this scheme works, it is a result
of the politics of the moment when it was built and is not replicable. The social and
environmental implications of destroying an estuary are too large, and the locations worldwide
are too few, for a successful replication to take place.
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There are also the tidal fences which work similar but in less scale, taking advantage of
the oceanic currents. The picture next is somehow self-explanatory where ocean water passes
through the turbines under water to generate electricity.

Figure 30: Tidal Fence [25]
Another approach is using tidal lagoons, to store the tidal energy in a reservoir with lower
environmental impacts than a dam. However, this approach has the inconvenience that the stored
energy is very small compared to the La Rance tidal power plant. Tidal lagoons for electricity
generation are still on the experimental stage.
3.7.1 Tidal Energy Technology Attributes
There are different types of underwater mills that use the tidal energy in order to produce
electricity, using similar principles to those used by windmills except that these are underwater,
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with the disadvantage that the models to predict the behavior of water are not being studied as
much as for those of wind.

Figure 31: Tidal Mill [26]
Tidal currents would be the equivalent of installing and underwater windmill. The
potential is relatively high, and can be installed in river mouths in many places of the world. One
of the advantages of tidal turbines is that they can be installed right near consumption in places
such as New York, London and other major cities. Tidal turbines are still in the development
phase and still present many engineering issues, and also an educated study on the environment
impacts needs to be conducted. A good example is the 2 turbines installed in the east side of
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Manhattan, in New York (Roosevelt Island), where each turbine measured over 6m and weighted
4 tons. The installation took place in December 2006 during two consecutive days. The first
turbine installed was destroyed in less than 24 hours with the blades badly bent.
3.7.2 Environmental Impacts of Tidal Energy
The aesthetics impact is minimal since the turbines can be located underwater where they
are not easily seen, and the locations need to be carefully decided in order to not make trouble
with boats or submarines that could be passing through the point. Flashing light indicators are
necessary to avoid crashes especially for locations near cities.
However the impacts on marine wildlife still need to be addressed since it could disrupt
the behavior of the bank of fishes as well as confuse animals that use electro-sensors to locate
and attack their prey like the sharks.
A table summarizing this information is presented next:

Table 7: Tidal Energy Summary
Technology:
Intermittent:
Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:

Tidal Energy
Yes
No
Yes
Yes
Yes
Yes
Yes
No

Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:
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No
Investigation on
course
No
No
Yes

3.8 Wave Power Energy
Wave energy is still on demonstration stage, with only some devices being tested. The
idea is to use the kinetic energy of the waves to generate electricity. The approaches being
studied could be classified mainly in two categories, those with floating devices and those fixed
on-shore.
On-shore power plants could be installed on breakwaters greatly reducing their cost. No
clear leading technology has emerged yet.

Figure 32: Wave Energy Principle
A good example is the Pelamis device that is installed in the Portugal, which has a 2.25MW
capacity.
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Figure 33: Pelamis Device [27]
3.8.1 Wave Power Technology Attributes
Wave Power is still under development; however there are some in the energy sector that
speculate that this could be the next “big” energy business after wind power. This speculations
can be put into question since solar energy is clearly getting most of the attention nowadays.
3.8.2 Environmental Impacts of Wave Power
Wave energy is still at an early stage of development for a clear environmental impact
assessment. However visual impacts such as the Pelamis are likely to become an issue. Likewise,
there is the potential impact on wildlife, and more research is needed.

Table 8: Wave Energy Summary
Technology:
Intermittent:
Dispatchable:

Wave Energy
Yes
No
Difficult to
assess
Difficult to
assess
Yes
Yes
Difficult to
assess

Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
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Contributes to Global
Warming:
Generates Pollution:

No

Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:

No
More research
is needed
No
Yes
Yes

3.9 Landfill Gas
Landfill gas is not a renewable energy source strictly speaking, but since it occurs
anyway is treated as a renewable because it decreases the pollution. Landfill gas is essentially the
same as biomass but with the difference that it should not occur since ideally the organic
components should have been separated in the urban areas before proceeding to the landfill,
however this is not the case and much organic material ends up mixed in the landfills.
Landfill gas is generated when the organic material in the landfill decomposes in the form
of methane, which is a greenhouse gas 17 times more powerful than CO2. Just burning the
methane already provides an environmental benefit, and extracting its energy content, thus
displacing other generation, has a net environmental and often economic benefit.
3.9.1 Landfill Gas Technology Attributes
Landfill gas is not pure methane, but it contains a fraction of CO2, and in some cases
other elements. The ratio of methane to CO2 determines the energy value of the gas, depends on
specific landfill properties, such as composition of the buried waste, temperature, pressure, and
age of the landfill. Except in sites with high quality landfill gas, where the gas can be purified
and fed into the gas grid or used for other purposes, the preferable approach is to use it for
electricity generation.
3.9.2 Environmental Impacts of Landfill Gas
Using landfill gas for electricity generation has no negative environmental impacts. The
environmental impacts of the landfill would occur independently of landfill gas extraction.
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A table summarizing this information is presented next.

Table 9: Landfill Gas Summary
Technology:
Intermittent:
Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:
Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:
Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:

Landfill Gas
No
No
No
No
No
No
No
No
No
No
No
No
Yes

3.10 Solid Waste Incineration
The solid waste generated in cities has high energy content, mainly in its plastics, paper
and organic materials. In those places where residues are incinerated, the excess heat can be used
to generate electricity. Solid waste incineration is one of the most debatable renewable sources,
since the environmentalists generally oppose to it on the grounds that it pollutes with toxins and
other pollutants, and that valorization of the energy content of paper and plastic creates
disincentives to reduce and recycle, indirectly generating incentives to generate more waste.
3.10.1 Solid Waste Incineration Technology Attributes
The technologies used are basically big furnaces where the primary objective is to reduce
the space used by the landfill waste, however when the heat is harnessed to generate electricity, it
can be considered renewable because the process was going to be done anyway.
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3.10.2 Environmental Impacts of Solid Waste Incineration
Waste incineration creates all sort of air and solid pollutants, and emissions of
greenhouse gases. Most of the pollutants can be filtered out of the smokestacks, but his is a very
costly process. Also the ashes need to be disposed of in special landfills because of their elevated
toxicity.
A table to summarize this information is presented next
.
Table 10: Solid Waste Incineration Summary
Waste
Incineration
No

Technology:
Intermittent:

Depends on the
policy of the
region

Dispatchable:
Modular:
Variance, Hourly:
Variance, Daily:

No
No
No
Difficult to
assess
No

Variance, Seasonal:
Variance, Yearly:
Contributes to Global
Warming:
Generates Pollution:

Yes

Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:
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Yes
Difficult to
assess since it
happens in
urban areas
mostly
Yes
Difficult to
assess since it
happens in
urban areas
mostly
Yes

3.11 Co-Firing and Combined Heat and Power (CHP)
In reality co-firing and combined heat and power, also known as cogeneration are not
renewable energy technologies. Nevertheless these technologies are often associated with
renewable energy policies since they tend to reduce the overall pollution.
Combined heat and power (CHP) also known as co-generation, is a conventional energy
fuel technology that takes advantage of heat-needs to generate electricity as a “byproduct”. It is
desirable because of its very high energy efficiency, and generally promoted by governments. It
is not a renewable technology, but can be used in combination with biomass to increase energy
efficiency.
This type of source of energy source (CHP) is relevant to renewables because of the fact
that many policies intended to promote renewables are also applied to combined heat and power.
Co-firing means using a mix of different fuels. In the case of renewables, it is the
combination of biomass, biogas or waste and a conventional fossil fuel to generate electricity.
3.11.1 Co-Firing and Combined Heat and Power (CHP) Technology Attributes
The fuels can be mixed or used successively one after the other where only the electricity
equivalent to the renewable energy fraction of the mix is generally considered as renewable
electricity.
Co-firing can be used as a strategy to cope with seasonality or fluxes in biomass supply.
In some cases it is necessary to achieve greater efficiency for technical reasons.
3.11.2 Environmental Impacts of Co-Firing and Combined Heat and Power (CHP)
The impacts to the environment are notorious given the abundant toxics released to the
air as well as the remaining ashes which are also very toxic and need special care during their
disposal.
The table to summarize this information is shown next.
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Table 11: Co-firing and combined heat and power (CHP) Summary
Co-firing and
combined heat
and power
(CHP)

Technology:
Intermittent:
Dispatchable:
Modular:

No
Yes
Yes
Depends on
location

Variance, Hourly:
Variance, Daily:

Depends on
location

Variance, Seasonal:

Depends on
location

Variance, Yearly:

Depends on
location

Contributes to Global
Warming:
Generates Pollution:

Yes

Wildlife Impact:
Health Hazard:
Aesthetic Impacts:
Location Dependency:

Yes
Difficult to
assess
Yes
Yes
Yes

3.12 Renewable Technologies Summary
We can see that not all renewable energy sources are strictly good for the environment,
although they all tend to reduce the overall pollution to the planet.
A comparison table for the different renewable technologies is presented next.
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No

No
No
Yes
Yes
Difficult to
assess.
No

No
Yes
Yes
No
No
No
Difficult to
assess

Depends on technology
and fuel source

No

Depends on fuel source

Depends on fuel source

Depends on fuel source

Depends on technology
and fuel source

Depends on fuel source

Depends on fuel source

Depends on technology
and fuel source
Depends on technology
and fuel source
Depends on technology
and fuel source

Yes

No

No

Yes

Yes
Yes

No

No

Yes

Yes

No

Yes

Small

Small
Yes

Difficult to
Assess

Difficult to
Assess

Difficult to
Assess

No

Yes

No

No

Yes

Yes

Yes

Yes

in between

No

Yes

~

No

No

No

Yes

Yes

Yes

Yes

Yes

No

Yes

Wind
Power

No

No

No

Yes

Yes

Yes

No

No

Yes

Yes

No

No

Solar
Photovoltaics
Thermoelectric

No

Hydro
Power

Geothermal

Biomass

Location Dependency:

Aesthetic Impacts:

Health Hazard:

Wildlife Impact:

Generates Pollution:

Contributes to Global
Warming:

Variance, Yearly:

Variance, Seasonal:

Variance, Daily:

Variance, Hourly:

Modular:

Dispatchable:

Intermittent:

Technology:

Table 12: Summary of Renewable Technologies
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No

Depends on the policy
of the region
No
No
No
Difficult to assess
No
Yes
Yes
Difficult to assess
Yes
Difficult to Assess
Yes

Yes
Yes
Depends on location
Depends on location
Depends on location
Depends on location
Yes
Yes
Difficult to assess
Yes
Yes
Yes

Yes

No

Yes

No

Yes

No

Yes

No

No

More research Investigation
is needed
on course
No

No

No

No

No

Yes

Difficult to
assess
No

Yes

Yes

Yes

Yes

No

Yes

Tidal
Energy

Yes

Yes

Difficult to
assess
Difficult to
assess

No

Yes

No

No

No

No

No

No

No

No

Waste Incineration Landfill Gas Wave Energy

No

Co-firing and combined
heat and power (CHP)

4. The Renewable Energy Integration Problem (REIP)
There is a world-wide increased urgency for the implementation of renewable energy into
the different Power Grids. However the introduction of renewable energy intro the power grids is
not straight forward and presents a problem that needs to be carefully studied, and solved. This
section intends to give a description and background on the Renewable Energy Integration
Problem, for further discussion during the next sections.
The introduction of renewable energy sources into the different Micro-Grids is an option
that should not be ignored (Masters, 2004) and needs to be adequately evaluated by the different
enterprises and corporations in order to decide if, it is convenient or not to introduce one or more
of these new types of energy sources that are out there in the market, and even decide for the
proper combination depending on what the Micro Grid configuration is and already has installed
and running.
The Renewable Energy Integration Problem is, in essence, finding an algorithm or
decision method that always gives us the optimum combination for the introduction of renewable
energy sources into the micro-grids or power grids.
There are some factors in real life scenarios that make it very difficult not to say
impossible to perform the common test and error trial series in order to decide the convenient
power source combination for the Micro Grid: from all installation costs, downtime for coupling
the electric system in each test, technical knowledge, salaries of people involved, etc. The best
way to find the answer to such questions is a mathematical model that relates all the information,
which can be resolved via iterations or simulations, until a proper educated guess is obtained, in
order to correctly decide for the most economical solution, or the most clean power source
combination.
The idea of any Power Grid is to supply electric energy to where it is needed. In other
words, is an offer and demand problem, and as such, there are methods with which it could be
solved.
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However, electricity cannot be counted by discrete numbers since there are no real items
as it occurs with most supply and demand problems, but is rather a continuous problem.
Therefore the solutions and equations are only approximations to reality, where the steps of
change in the quantification of the electric flow are taken to be as small as possible. For this type
of system there are numbers that change relative to time, others that are constant and there are
quantities that depend upon many other factors.
These numbers are commonly given by tables based on historical data and are
approximated by curves (Brett, Tuller, 1991), as is the case of electric supply and demand:
electric demand is almost never constant but is always a curve where it usually can be classified
into 3 categories: it has a peak demand, a low rate demand, and a medium demand rate which is
often called shoulder demand. There may be that within a cycle there are 2 or more of the same
type of demands.

Figure 34: Example of Demand Curve
The same may happen to the supply sources, especially if they are intermittent sources
such as the renewable solar and wind, both of which depend on the environment, and thus are not
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constant. In this case we have 2 curvatures, the curvatures of the demands as wells as the curves
of the sources of energy, making the problem more complex.

Figure 35: Example of a Demand Curve with a Supply Curve
Solar Energy has a curvature of electric production within each day, with variances
corresponding to the corresponding month of the year, plus year to the year variances. To predict
the energy output of a solar panel is not an easy task since many meteorological factors get
involved, creating a stochastic behavior of the system governing the behavior of the solar panel
output levels. Following is an example of a graph that could be encountered for a solar panel,
where the electricity is produced during the day and not during the night.
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Figure 36: Example of a Solar Panel Hourly Production Distribution

The same stochastic behavior happens with the production of wind energy, which gives a
totally different curvature for electric production. Since it is not directly related to sunlight but is
related to wind, which presents different factors for the behavior and is also difficult to predict,
therefore making difficult to accurately predict the output of the wind turbines since they depend
on the behavior of the wind environment.

74

Wind Energy Energy Supplied (kWh)
8

kWh

7
6
5
4
3
2

Wind Energy Energy
Supplied (kWh)

1
0
1

3

5

7

9 11 13 15 17 19 21 23
Time Period

Figure 37: Example of a Wind Turbine Production Hourly Distribution
In addition to these type of electric power generation distributions we may have the more
traditional based on fossil fuel, in order to help maintain a certain level of certainty and
confidence within the introduction of new renewable energies. For comparison purposes the
curvature of a diesel generator is shown next, where we can see that the output is basically
constant as long as there is fuel.
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Figure 38: Example of a Fossil Fuel Generator Hourly Production
Once we have all supply sources working on the same power grid, the supply curve
becomes more complex as there is no direct relationship between the curvatures from one energy
source to another. The more energy sources involved, the more different curves we will have
categorized as part of the supplying base of our system.

Micro Grid Balance
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Figure 39: Example of Different Electric Sources Working Together
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As seen on the picture above, the different energy sources have different curves
corresponding to their individual electric production. It is possible to deduce which one of those
curvature belong to renewable energy sources and which ones belong to traditional fossil fuel
based technologies, based on the variability and chaotic behavior presented during the day.
In addition, similar to any other supply and demand problem, the quantities of the
different supply sources could be added into a single aggregated amount in order to have a single
final curve that describes the total behavior of the sources, as well as, if it was the case, we could
theoretically add also the different demands if we were planning to supply to or more microgrids at the same time using a single system of supply.
When there are 2 or more sources of electric energy, the total supply gets added to give a
total instantaneous electric supply.
3
An example of this final curvature is given in the following picture, which has the
advantage of showing us as a relation to time, when the electric production was more than the
electric demand, and when the electric demand was higher than the overall production of our
different energy sources aggregated.
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Figure 40: Aggregated Electric Supply and Total Demand
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For every period of time we can calculate a period variance and a total balance similar to
the economic principles, where if the production is higher than the demand it could be said that a
positive variance existed for that period of time, since we have excess of electricity in our
system, as for when the demand is higher than the total production for the specific time period, a
negative variance can be defined as there is a lack of energy in order to supply the demand of the
period.
It is known that the more deviation exists in the supply level to the demand level for a
specific point in time we incur in higher costs, such as possible penalties, possibility of change of
provider by the client, etc. but in this electric case is more associated with the possibility of an
outage, as well as damaging the equipment and components of the transmission and distribution
network. As well as the costs associated with having produced more product than what is
saleable.
The question that arises from this is “how well the curvature of production does
approximate the curvature of demand?” for when the production curvature is very similar to
the demand curve it is a good sign that the renewable source can be applied to the electric power
grid. The contrary however, does not necessarily occur, since when there may be a great
discrepancy in the production curvature relative to its demand, perhaps the introduction of
batteries or other Large Scale Energy Storage (LSES) system may allow a good combination of
power grid that still is more efficient than other combinations. Such combinations need to be
addressed when making the decision of whether is good or not to introduce a renewable source in
the existing Power Grid.
If we have a reliable forecast system to know what the behavior of the governing
stochastic elements of the system will be, then we can say that the Renewable Energy Integration
Problem (REIP) can be, at the end, a combinatorial offer and demand problem, where there are
many possible combinations to supply the demand.
However, there is always the possibility to represent the process of any supply and
demand sequence with a flow chart in order to gain a better understanding.
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4.1 Electric Supply Algorithm
For every time period that goes on, there is a series of processes and decisions that need
to be taken into account. These are presented in the following proposed algorithm:
1.

Divide the total length of the study into time periods. The smaller the increments the
better the results. Initialize all values.

2.

Choose a combination for supplying energy.

3.

Start at t=0.

4.

Calculate the total demand for the time period.

5.

Calculate the total demand for the time period.

6.

Subtract total supply from total demand to obtain period balance.

7.

If the period balance is positive (more energy was supplied than needed), store the energy
in the storage system, as long as the storage limit is not exceeded.

8.

If the balance is negative (the demand was greater than period supply), pull the energy
from the storage system, as long as there is sufficient energy in the storage system from
previous periods.

9.

If there was no energy left in the storage system, we incur in an energy outage for that
period of time. Add all outages if it is allowed with the concurrent penalties, otherwise
stop and mark the combination as non-feasible. Continue with another combination.

10. Continue to the next period until the time of study is finished. Go to step 4.
11. Calculate the overall results of the combination during the overall study period. If more

combinations to explore exist, go to step 2.
12. Choose the best combination based on the Total Cost of the Supply and Storage Systems,

Operation Costs and others such as the costs associated with storing energy into the
Storage System, costs of pulling electricity from the Storage System, Lost Electricity
from period to period from the Storage System, and considering the Outages-Limit
Restrictions of the Micro-Grid.
A visualization of the process is shown in the following flow-chart.
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Figure 41: Proposed Flow-Chart to the Solve Renewable Integration Problem
80

The step of adding the electric energy from each source is where the problems arise. The
fact that for renewable sources is not so predictable from time period to time period, introduces
randomness and variability in the possible outcome of the calculated values, hence being a
stochastic model. The true nature of the calculations could be solved using the algorithm
proposed; however forecasting the values of the renewable energy sources makes this problem
special.
It means that we could solve the problem giving confidence intervals based on the
probability of one scenario occurring rather than another, another approach may be doing a
categorization of the environments by groups of pessimistic, moderate and optimistic, giving the
final answer for each scenarios to see if the same answer applies to all scenarios, in which case, a
final answer has been reached, and in the case that the answers differ from a scenario to scenario,
use the information as a sensitivity analysis of the possible impacts and risks of choosing one
solution rather than other.
This is how we can see that the Renewable Energy Integration Problem, as mentioned
before, relies on the predictability of the renewable energy outputs, which, if it is solved, or
estimated by accurate forecasts, could be practically reduced to a combinatorial problem where
other types of algorithms could be used.
The different algorithms recommended to solve this type of gigantic (often NP-hard)
problems are: Mathematical approaches and Heuristic approaches.
4.1.1 Mathematical Approaches
The mathematical approach is all types of algorithms that try to solve the problem with
an exact answer guaranteeing that the final solution is in fact, the universal optimal solution for
the specific problem.
Although mathematical methodologies are more exact and reliable when an answer is
provided, there are many downsides when trying to apply such algorithms. There are some
problems to which this type of algorithms should not be applied like the NP-hard problems. The
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mathematical approaches in order to be applied must meet some requirements in the
particularities of the problem in order to know what mathematical algorithm to use. For instance
the Simplex Method applies only to problems where the formulation and relationships between
the variables are linear, which is almost never the case, however this type of linear approaches
form a wide range of mathematical algorithms that in reality are preferred, and this author
encourages their usage whenever a problem occurs to meet all the requirements in order to be
able to apply the algorithm, since they provide exact proven best solutions, impossible to beat.
A down side of the mathematical approaches is that they may be very time-consuming,
making them sometimes only for theoretical knowledge as to understanding the background
behavior of the problem. An example of this is the travelling salesman problem solved at Rice
University and Princeton University with a computational time of 22.6 years of computational
time when using an exact method, in 2004. This solution however has the advantage that there is
mathematical proof that no other better solution exist.
4.1.2 Heuristic Approaches
There are other types of algorithms to solve complex problems, where if the algorithms
don’t guarantee that the answer provided is in fact the optimal solution, still provide a very good
approximation to the global optima. Also regarding the time consumption as compared with the
mathematical approaches, is radically lower and can handle practically any problem that can be
modeled with an objective function and constraints. These algorithms are very powerful in the
sense that can almost always find a solution to any problem, not matter the size and correlations
between the variables, as well as the less consuming computational time. The heuristic
algorithms could be also categorized as constructive and iterative taking into account the internal
behavior such as the greedy algorithm (constructive) as compared with a genetic algorithm
(iterative). Some heuristic algorithms are the following:


Genetic Algorithms, by Holland, 1975.



Beam Sarch by Reddy, 1976.
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Branch and Bound by Land, 1960.



Tabu Search by Glover, 1986.



Ant Colony Optimization by Dorigo, 1992.



Simulated Annealing by Kirkpatrick, 1983.



Neural Networks by Turing, 1948.



Viral Systems by Cortés, 2007.



Particle Swarm Optimization by Kennedy, 1995.



HBMO, Honey-bees Mating Optimization by Haddad et al, 2006.



Glowworm Swarm Optimization by Krishnanand, 2005.



Intelligent Water Drops by Hosseini, 2007.



Firefly Algorithm by Yang, 2008.



Monkey Search by Mucherino, 2008.



Cuckoo Search by Yang, 2009.



Adaptive Echolocation (in development at The University of Texas at El Paso).
To apply a heuristic algorithms the problem needs to be modeled as an objective function

with the corresponding constraints. Once the governing equations of the problem have been
correctly stated, the answer provided by these algorithms usually stays 2% to 3% as a general
distance to the real unknown universal optima.
4.2 Mathematical Model of the Renewable Energy Integration Problem
In order to apply one or more of the algorithms mentioned before to the Renewable
Energy Integration Problem, the governing equations must be written in the form of an objective
function as well as the constraints governing the general environment and correlations must be
found.
In this thesis the following objective function stated as a linear model is proposed:
Assumptions:
1.

The cost for storing energy into the System is equal to that of pulling energy out of it.
83

2.

No outages are allowed in the system.

3.

No energy losses in the Storage System occur from period to period of time.

4.

Only one type of Energy Storage System technology is used in the Micro-Grid.
Definitions:



CT – Total cost of the current combination



KS – The cost for introducing or pulling a single unit of deliverable electricity to/from
Storage System



Aij – Quantity of Components of type “j” of class “i”



Cij – Production Cost Coefficient for component “j” of class “i” for producing a single
unit of deliverable electricity



Sij(t) – Production of electricity of component “j” of class “i” at time t. Quantity may
depend on weather, oil impurities, etc. depending on the type of component.



B(t) – “Balance” for electricity in the system for time period

,

to see if there is

an excess of production or a necessity to pull energy from storage from previous periods.


D(t) – Total Demand of electricity at time t



SL – The Storage Limit is the maximum amount of electricity allowed to be stored in the
Storage System of the Micro-Grid



H – Quantity of Storage Components



St(t) – Total electricity produced by the different electric production sources of the
Micro-Grid at time t



Oij – Operation Cost for component “j” of class “i”.



Pij – Initial purchase cost of component “j” of class “i”, initial purchase cost should
include all installation related costs.



Rij – Replacement cost of component “j” of class “i”. It should include all re-installation
costs.

(t) – Failure Rate Function for com0ponent “j” of class “i”.
The model is the following:
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Objective Function:

∑

∑

(4)

Subject To:
|

|
∑

(5)

∑

(6)

0

(7)
(8)

The first term in the objective function (Eq. 2) is the total cost of the electricity produced
by the components that can actually produce electricity, by using their own capabilities. Those
capabilities are represented by the distribution of

, where the integral accounts for the total

energy produced by that component during the overall study period;
production cost using that specific component and

stands for the unit

is the number of similar components that

are in the system.
The second term is the total cost associated with the Storage System. The Operation and
Maintenance Costs are represented in the third term, the initial purchase and installation costs of
all considered components are taken into account by the fourth term, and finally the fifth term
introduces all possible replacement costs, if the study period is long enough to make it
considerable given the different lifecycles of the components.
The variables in which the combinations will be made using the iterations are
Where

is the matrix of the number of components of each category and

is the number of

components or modules of the Storage System, depending on how it was defined.
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and .

4.3 Stochastic Side of the Model
The term

found in the first term of equation 2 as well as on equation 4, is a term to

represent all different possible distributions on the generation of electricity as a function
dependent of time. There may be generators, wind turbines, solar panels or other forms of
electric generation, where each may have its own unique properties and equations to solve for the
possible amount of electricity deliverable given the environment variations through the time
study.
Following are 3 examples of how a distribution for

may look, depending on the

class of electricity production. The values on the parameters may vary depending on the type of
wind turbine, and the details are not discussed in this thesis
4.3.1 Wind Turbines
The instantaneous

energy obtained from a Wind Turbine varies on many different

factors such primarily the wind is given by:

.

.

6.1078

.

Definitions


- Sea level standard Atmospheric pressure = 101,325



- Temperature Lapse Rate = 0.0065



- Altitude in meters



- Sea level standard temperature = 288.15



- Earth surface gravitational acceleration = 9.80665



- Universal Gas Constant = 8.31447
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(9)




- Molar mass of dry air = 0.0289644
- Dry air pressure = 287.05



– Relative humidity



- Specific gas constant for water vapor = 461.495



- Rotor swept Area



- Coefficient of performance (the maximum theoretically possible)
o .59 – Betz limit
o .35 – Is considered a good design



- Generator Efficiency
o 50% - car alternator
o 80% - permanent magnet generator



- Gearbox/gearings Efficiency
o Very variable, 90% is considered a good design



- Rayleigh Wind distribution



- Rayleigh Wind Mean



- Exponential efficiency decay parameter for the generator



- Exponential efficiency decay parameter for the gearbox

4.3.2 Fossil Fuel Generators
The instantaneous

energy obtained from a Fossil Fuel Generator depends mainly

on the impurities, design efficiency of the generator among others:
(10)
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Subject to:
(11)
Definitions


- Fuel volume



– Minimum production volume



– Conversion Rate capacity



- Coefficient of impurities in fuel



- Design efficiency



– Parameter of lifecycle exponential decay

4.3.3 Solar Panels
The instantaneous

energy obtained from a solar panel varies on the daily radiation, the

angle of incident an many other factors which make it not constant:

,

1

,

(12)

Definitions


- is the rated capacity in

of the PV array, meaning its power output under

standard test conditions


- is the derating factor as a percentage



– is the Solar radiation incident on the PV array in the current time step, in





,

- the incident radiation at standard test conditions, in
- is the temperature coefficient of power,

%

- Is the temperature of the cell in the current time step
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,

- PV cell temperature under standard test conditions (25

We can see by the difficulty and tier levels of the objective function that the problem of
introducing Renewable Energy into the Power Grids is very complex, confirming what is stated
by most of the literature regarding finding solutions for this problem.
The proposed model however, was not used to solve the case study presented in this
thesis, which was on the other hand solved using a simpler tool that is out there in the market: the
tool is a simulation tool called HOMER, and will be explained in the next section.
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5. Using Homer to Solve the Renewable Energy Integration Problem
Homer is a simulation software developed by the National Renewable Energy
Laboratories for the Village Power Program from which HOMER Energy was incorporated in
2009 in Boulder Colorado. The Hybrid Optimization Model for Electric Renwables (HOMER)
has been downloaded 150,000 times by 34,000 from 193 countries. Homer is a freeware
downloadable from http://homerenergy.com, and has been used in multiple case studies around
the world to solve Micro-grids optimization problems.
The software uses the branch and bound algorithm, such as the one describe in the flowchart described in previous sections of this thesis, and thus has a limit of working for relatively
small problems, as for larger systems the software crashes since the explorable universe of
solutions is just too large to apply the algorithm.
There are 6 steps to use Homer when solving the Renewable Integration Problem for a
Micro-Grid:
1.

Input the components to consider.

2.

Input the parameters of each component.

3.

Input the Environment Parameters.

4.

Input the Constraints.

5.

Run the Simulation.

6.

Interpret the Results.
The most difficult task usually involves collecting the data for the solar and wind

resources, as hourly measures need to be performed hourly for a large period of time, usually
from1 to 3 years.
5.1 Equipment to ConsiderThe equipment to consider step is to decide what are going to be the components of the
Micro-Grid that will be in consideration. This means that we need to partition the Micro-Grid
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into the following parts and decide if it is included or not into our system, the components from
which we can choose are the following:
1.

Electric Load

2.

Is it connected or not the Power Grid

3.

Generators

4.

Wind Turbines

5.

Solar Panels

6.

Converters

7.

Batteries

5.1.1 Electric Load
Any Power Grid has an Electric Load that needs to be satisfied. Depending on the
configuration and complexity of the electric network, is always desirable to reduce the circuit to
a simple demand by hour, in a single table, or if many variances exists, perhaps is desirable to
expand the expression of the electric load in 2 or more tables that will contain different data
which, at the time of the final calculations will be added in order to represent reality.
Consider the following example:
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Table 13: Example of Week Electric Load Table.

Please note that the loads in the example are the same for all days, this is, the load of
Monday is equal to the load of Tuesday, equal to the load of Wednesday, etc. However in many
instances this type of distribution does not conform to reality.
There are basically 2 ways to proceed in collecting the electric load of a Power Grid.
1.- Taking the total consumption of the Electric Power Grid hour by hour by at least one
year, using previous records such as electric receipts or others; this includes the option of taking
direct measures on a single spot in the electric network where it can be deduced that the total
electricity that flows through that spot is equal to the total consumption of the entire network, or,
2.- By considering the different options and components that are being supplied in the
network, and expressing each of the components in numbers conforming to their expected
electric consumption, hour by hour. This is, if the network is simple enough to calculate each of
the components consumption. An example could be:
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Example 2: Case Study
7 classrooms are being supplied, where each room has a distribution of electric light
turned on from 6:00 a.m to 8:00 p.m. during weekdays, where Saturday light is turned on from
6:00 a.m to 6:00 p.m. and Sunday is off all day.
This means we would have 7 tables exactly equal, similar the table 13, but with smaller
numbers. However we could add these tables and express the demand of all 7 classrooms in 1
single table.
An addition to this example could be if we know that the whole building (the 7
classrooms) has air conditioning system with some usage hours distributed during the day, and
with variances depending on what month of the year are we supplying, since summer and winter
will consume the most electricity in the air conditioning system and so forth. Then, we could
create an alternate table of consumption to represent the consumption of the air conditioning
system of the building, and perhaps noting that we then would have the choice of adding this
new table to our previous table (which was the result of the 7 tables of each classroom) or, to
leave it as a different table. The user may decide if the new table has a different distribution than
the other table, and also, decide to leave it as a separate table (this means separate load) because:
It is possible that the user decides that, depending on the case, the usage of air
conditioning is not as predictable as the light, and then some variances may exist from what we
predicted to what is going to happen in reality. Also, in the future there may be a change in the
air conditioning system to a newer model, and therefore, to change the data of the electric
consumption may be easier to change if the data of the air conditioning system is kept by
separate.
It is always desirable to have each component of the power grid in its own table (at least
to a degree where handling the tables is not too complex), in order to possibly introduce changes
in the future and keep a closer look and easier analysis of the entire system. However, when this
is not possible, option 1 (hourly measure of demand of the complete system) is our only choice
left.
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Tables to follow the example 2:

Table 14: Single Classroom consumption for example 2

Above is an example of how the table of the electric consumption of 1 of the classrooms
could look like, and the below, is the same data viewed as a distribution:
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Figure 42: Single Classroom Electric Consumption Distribution
In figure 42 is visible that the 5 weekdays have the same electric consumption
distribution while the weekends have a slightly different consumption distribution.
Now, the added table of consumption for all 7 classrooms would look like the following:
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Figure 43: All 7 Classrooms Consumption
Please note that each value was calculated by adding 7 tables equal to the one presented
in figure 43, this means that for each cell:
New value=value of table 1+ value of table 2+ value of table 3+ value of table 4+ value of table
5+ value of table 6+ value of table 7

(13)

where:
value of table 1 = value of table 2 = value of table 3 = value of table 4 = value of table 5 = value
of table 6 = value of table 7

(14)
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then:
new value = value of table 1 * 7

(15)

And these are the type of calculations performed when adding the consumptions of
different loads in order to have them in a single table.
The distribution of all 7 classrooms would look like the following:

Figure 44: Electric Consumption Distribution of all 7 Classrooms.
It is obvious at this point that the shape of the consumption distribution of all 7
classrooms is exactly equal to the consumption distribution of just 1 classroom, however the
values are different.
Following, we will see an approximation of the consumption distribution of the air
conditioning system for the whole building, in a fairly “important” month, where important as
for this case means more usage, and not important means less usage.
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Figure 45: Electric Consumption of Air Conditioning System
The usage varies as the system turns on and off the devices around the building in order
to maintain a good temperature in the environment. Now we can see that the data is not related,
at least not in a simple manner, to the electric consumption of light of the 7 classrooms. Below
we see the electric usage distribution of the air conditioning system.

Figure 46: Electric Consumption Distribution of Air Conditioning System
98

Given this distribution, the user may decide to keep this table as a separate load, or to add
it to the previous information.
The user needs to never forget to include all 12 months of the year, week by week, in
whatever case he or she chooses to proceed. It is important to remember that is easier to reduce
greater variances and scenarios by monthly changes, unless something really special occurs in a
short period of time, perhaps weekly variances. This means, that for a whole month, the
variances from week to week can be calculated in a statistical fashion.
5.1.2 Input the Load
Once the number of tables and what will each one of them contain has been decided, the
data needs to be collected in the corresponding spreadsheets in an hour by hour fashion, showing
the hourly electric consumption load of a complete year.
The data will then be grouped by months, where for each month a final week will be used
to represent the complete month.
The final week that will be used to represent the complete month will be calculated using
the average load of each hour as compared with the same hour of the 4 weeks comprising that
month.
This means that, for the corresponding hour “h” of the day, there is the hour h1 for that
same hour from week 1, and there is h2 for the same hour of week 2, also there is h3 for the
corresponding hour of week 3 and finally h4 for week 4. Taking the average will give us the final
value of the load corresponding to that hour “h” for the final week.
In addition, by taking an average we can get a percentage of variance for the final load
value of the hour “h” of the week, by taking the most distant hour in our sample h1, h2, h3 and
h4 from the h-average. The distance will be given as a percentage where the quantity in our
average which is the final “h” is 100%, and the distance will be given also as a percentage.
h_average = (h1+h2+h3+h4)/4

(16)
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Equation 16 shows how to get the average load value for a specific hour “h” using the
correspondent hours from each of the 4 weeks.
distance_h=choose Max {|h1-h_average|, |h2- h_average|, |h3-h_average|, |h4- h_average|}(17)
Equation 17 shows how to get the maximum distance from the calculated mean to each
value in the sample [h1, h2, h3, h4]
From equation 10 follows that the obtained value is divided by the h_average value in
order to obtain it as a percentage:
distance_in_percentage_h = distance_h/h_average

(18)

Finally, the value of variance for every hour of the final week needs to be simplified into
a single value, which is the “day to day variability”, and to do this, simply choose the highest
value of distance in variance of every hour of the final week. This is:
day_to_day_var=chooseMax{distance_h1, distance_h2, distance_h3… distance_h168}

(19)

Corresponding to the maximum distances of each of the 168 hours comprised in one
week.
The next step is to obtain the Time Step to Time Step Variability. This is done also by
grouping the information by months. When we have the 4 weeks of our corresponding month,
we calculate the daily load average for each day of the month,
daily_average_ _ = (1h+2h+3h+4h+5h+6h+…+24h)/24

(20)

- corresponds to each day of the week, thus ranging from 1 to 7.
– corresponds to the number of week in the month, having then the range from 1 to 4.
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Equation 5 shows how to get the consumption load mean for each day. This implies that
we will have 7 values corresponding to each day of the week, and we will have 4 weeks,
meaning that the number of values will be 21 since 4 weeks * 7 days/week = 21 days.
Next, calculate the daily distance of each day, including the values of all corresponding
days in order to get a maximum daily distance variance.
Where in the term “

h

, , “ , , are sub indexes of the hour h.

– is the corresponding hour, therefore

goes from 1 to 24.

- is the corresponding weekday, and in consequence ranges from 1 to 7.
- is the corresponding week, therefore goes from 1 to 4.
daily_distance_ ,

= choose Max {|1h _ -daily_average|, |2h _ -daily_average|,|3h _ -

daily_average|,|4h _ -daily_average|,…,|24h _ -daily_average|}

(21)

With the daily distance is possible to know the maximum variance of load within the
same day, which is expressed as a percentage.
daily_variance_i,j = (daily_distance_i,j)/(daily_average_i_j)

(22)

The time step to time step variance is equal to the maximum overall variance encountered
within a day, choosing from all days of the month.
time_step_to_time_step_variance = choose Max {daily_variance_1,1, daily_variance_2,1,
daily_variance_3,1,

daily_variance_4,1,

daily_variance_5,1,

daily_variance_6,1,

daily_variance_7,1,

daily_variance_1,2,

daily_variance_2,2,

daily_variance_3,2,

daily_variance_4,2,

daily_variance_5,2,

daily_variance_6,2,

daily_variance_7,2,

daily_variance_1,3,…, daily_variance_i,j}

(23)
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5.1.3 Sources of Electricity
Once the load has been defined in our system, the next step is to define the electric
sources that will be supplying electricity to our grid.

Electric Source 2
Electric Source 1

Electric Source n

Grid
(Consumption of
Electricity)

Figure 47: Model of Electric Source Relation to Power Grid.
The electric sources can be either:


An electric generator, or array of electric generators,



A photovoltaic cell, or array of photovoltaic cells,



A wind-turbine, or a group of wind-turbines,



A larger grid, such as the City’s Power Grid.



Other types of sources.
We will differentiate the term Power Grid from the term Micro Grid, where Micro Grid

is the system that we are trying to supply energy to, and Power Grid, is a larger circuit from
which we usually pull electricity from. The Power Grid is usually the city’s Power Grid. Micro
Grid on the other hand, is our defined system.
Some of these electric sources deliver electricity in Direct-Current, and need to be
transformed to Alternate-Current before sending the electricity to our Micro-Grid, which usually
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consumes electricity using alternate current. This conversion is done via a Converter, which can
be an inverter (DC to AC), rectifier (AC to DC) or both.
The system then would be represented by something similar to the diagram below.

Electric Source 1

Electric Source 2

Electric Source n

Converter

Grid
(Consumption of
Electricity)

Figure 48: Model of Electric Source Relation to Power Grid, with a Converter.
The first step for introducing the electric sources to supply our Micro-Grid is to
categorize them by groups. All electric generators will be one group, wind turbines another
group, etc.
5.1.3.a Electric Generators
The electric generators are devices that can obtain electricity, heat or both from fossil
fuel, usually diesel. The parameters of an electric generator are:
1.

Fuel type,

2.

Size (KW),

3.

Fuel Consumption Rate,

4.

Type of Current delivered (AC or DC),
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5.

Capital Cost,

6.

Replacement Cost,

7.

Operation and Maintenance Costs,

8.

Lifetime,

9.

Minimum Load Ratio,

10. Emissions per Liter of Fuel,
11. Forced Schedule,
12. Quantity.

1 - Fuel Type – is what type of fuel the generator is using: Biogas, Diesel, Ethanol,
Gasoline, Methanol, Natural Gas, Propane, Stored hydrogen or other. Each fuel has its own
properties, and, if the fuel is another type of fuel, the parameters needed for the calculation of
that new type of fuel are:


Lower Heating value (MJ/Kg)



Density (Kg/m^3)



Carbon content (%)



Sulfur content (%)
2 - Size (KW) – is the generator’s rated capacity, which is the normal maximum rated

amount of electricity in Kilowatts per Hour as an output of the generator.
3- Fuel Consumption Rate – Is the rate of consumption in Liters per Hour of the fuel by
the generator.
4 - Type of Current Delivered (AC or DC) – Independent from the size, the type of
current should be noted in order to know if a converter will be required.
5 - Capital Cost – The Capital Cost is the price of the electric generator as is going to be
paid to the vendor, independent from the real value, this value should include all installation
costs.
6 - Replacement Cost – The cost to buy a new generator once the old has been salvaged
or traded back to the company.
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7 - Operation and Maintenance Cost – Is the cost of operation plus the cost of preventive
and corrective maintenance calculated per hour.
8 - Lifetime – Is the expected number of hours that the generator will run before needing
a replacement.
9 - Minimum Load Ratio – Is the minimum allowable load on the generator, as a
percentage of its rated capacity.
10 - Emissions per Liter of Fuel – The emissions parameters are the following:


Carbon monoxide emissions factor



Unburned hydrocarbons emissions factor



Particulate matter emissions factor



Proportion of fuel sulfur emitted as PM



Nitrogen oxides emissions factor
Carbon monoxide factor – Is the quantity of carbon monoxide in grams emitted per liter

of fuel consumed by the generator
Unburned hydrocarbons (UHC) emissions factor – Is the quantity of unburned
hydrocarbons in grams emitted per liter of fuel consumed by the generator.
Particulate matter emissions factor - Is the quantity of particulate matter in grams emitted
per liter of fuel consumed by the generator.
Proportion of fuel sulfur emitted as PM - Is the fraction of the sulfur in the fuel that is
emitted as a particulate matter. The rest is emitted as sulfur dioxide.
Nitrogen oxides emissions factor – Is the quantity of nitrogen oxides in grams emitted per
liter of fuel consumed by the generator.
11 – Forced Schedule – Is a table stating if the generator is required to be operating at
certain specific hours, or if it needs to be turned off during certain periods of time.
An example is found in the following table:
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Figure 49: Example of a Generator Forced Schedule
If there is no obligation on the generator schedule, the table may be left blank.
12 – Quantity – Is the number of generators that are feeding the Micro Grid.
5.1.3.b Power Grid
The Power Grid is another large circuit from which our Micro Grid is pulling the
electricity; usually the Power Grid is the City’s Electrical Power Grid, and we are buying the
electricity from a company.
The parameters required to define the Power Grid are the following:
1. Rates,
a. Power Price
b. Sellback Rate
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c. Demand Rate
2. Rate Schedule Chart
3. Net Metering Information
4. Emission factors for the available power grid. (To calculate the emissions of each
pollutant resulting from grid power purchases and the avoided emissions of each
pollutant resulting from grid power sales).
5. Interconnection Charge
6. Standby charge
7. Maximum Grid Demand
8. Maximum Power Sale
1 - Rates – The different rate policies need to be defined, each with its corresponding
Power Price, Sellback Rate and Demand Rate. An example is shown in the following figure:

Figure 50: Electric Rates Table
1a – Power Price – The Power Price is the cost of buying power from the grid, in dollars
per Kilowatt per hour ($/KWh).
1b – Sellback Rate – Sellback Rate is the price that the utility pays you for the power you
sell to the grid. When the Net Metering policy is active, the sellback rate applies only to net
excess electricity generation for the billing period.
1c – Demand Rate – Is the monthly fee charged by the utility on the monthly peak
demand.
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2 – Rate Schedule Chart – When there 2 or more rates, the Rate Schedule Chart is a table
to define when the different rates apply. An example can be found in the following table:

Figure 51: Rate Schedule Chart
3 – Net Metering Information – Net metering is a billing policy by which the vendor (the
electric company) allows the consumer to sell back electricity to the Power Grid, at the retail
rate. In many occasions the electric meter literally runs backwards when the electricity is being
supplied from our Micro Grid to the Power Grid. At the end of each billing period, the Micro
Grid is charged only with the net purchases:
net_purchases = Purchases – Sales

(24)

The equation above suggests that the value of the net purchases could be a negative
number if the Sales are greater than the Purchases, and, when this happens in reality it depends
on the contract between the Micro Grid and the Power Grid to get paid by the vendor by the
electricity sold to the Power Grid at a Sellback rate, or remain in zero.
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4 – Emissions Factors for the Available Power Grid – These values are used to calculate
the total pollution caused by the production of the electricity bought to the vendor who supplies
the Power Grid.
An example of this kind of table is found below:

Figure 52: Grid Emissions for different Zip Codes in the United States of America.
A good source for this information is found on www.egrid.com
5 - Interconnection Charge – The interconnection charge is the one-time fee charged by
the vendor for allowing a Micro Grid to be connected to the Power Grid.
6 – Standby Charge – The Standby Charge is the annual fee charged by the vendor for
providing backup grid power for a Micro Grid that is connected to the Power Grid.
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7 – Maximum Grid Demand – The Maximum Grid Demand is the maximum amount of
electricity that is allowed to be drawn from the Micro Grid. This value is critical since it has
much effect on the calculations of the demand charges.
If Demand_Rate = 0,
Maximum Grid Demand = A single value entered by the user

(25)

If Demand_Rate > 0
,
Maximum Grid Demand = 1.25 * Peak Load

(26)

This means that if the Demand Rate is zero, the value of the Maximum Grid Demand can
be any value depending on the configuration of the Micro Grid; however, for Demand Rates
greater than zero, the value should be greater than the value of the Peak Load, this is why the
number 1.25 can by any number greater than 1 and less than 2. This value will be used to
calculate the optimum value in the iterations.
8 – Maximum Power Sale – The Maximum Power Sale is the maximum rate at which the
electricity can be sold back to the Power Grid.
5.1.3.c Wind Turbines
Wind turbines have the ability of converting the kinetic energy from the wind into
electric energy.
The properties to take into account for a wind turbine are the following:
1.

Rated Power,

2.

Current Type

3.

Power Curve,

4.

Capital Cost,

5.

Replacement Cost,

6.

Operation and Maintenance Cost,
110

7.

Expected Lifetime,

8.

Hub Height,

9.

Quantity.
1 – Rated Power – The Rated Power is the maximum possible output of electricity in

kilowatts when the optimum wind speed is occurring.
2 – Current Type – Is the type of current that the wind turbine produces, it can be AC
(alternate current) or DC (direct current).
3 – Power Curve – The Power Curve is the most important property of the wind turbines.
The Power Curve is a table that describes the relationship between the electricity that the wind
turbine produces compared to the wind speed as an input.
An example for a table for Power Curve may be the following:

Figure 53: Example of a Power Curve Table for a Wind Turbine
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4 – Capital Cost – The Capital Cost is the price paid for the initial purchase of the wind
turbine. It includes all installation costs as well. If there are discounts for buying certain amounts
of wind turbines it should be all included in a costs table.
5 – Replacement Cost – Is the amount of money paid for replacing a wind turbine that
fails by a new one. If the old wind turbine is salvaged, then the amount should be subtracted to
this value. It includes all reinstallation costs.
6 – Operation and Maintenance Costs – The Operation and Maintenance Costs are all
costs associated with the operation of the wind turbine, preventive and corrective maintenance,
all overhead costs such as salaries of the persons involved in the operation, etc. This value needs
to be calculated as yearly costs.
7- Expected Lifetime – The Expected Lifetime is the number of years that the turbine is
expected to function before a replacement is needed.
8 – Hub Height – The Hub Height is the height above the ground at which the center of
the rotor, known as the hub, is located.
9 – Quantity – Is the number of wind turbines that are supplying electric energy to the
Micro Grid.
5.1.3.d Photovoltaic System
The Photo Voltaic System is the complete array of Photo Voltaic Cells that provide
electric energy as output from the input which is solar energy, including all components such as
modules, tracking system, wiring, etc. Solar Panel Arrays are the most common source of solar
energy today.
The information parameters that are needed to perform the calculations regarding the
Photo Voltaic System are the following:
1. Size (KW),
2. Capital Cost,
3. Replacement Cost,
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4. Operation and Maintenance Cost,
5. Type of Current,
6. Expected Lifetime,
7. Derating Factor,
8. Slope,
9. Azimuth,
10. Ground Reflectance,
11. Tracking System
a. No tracking,
b. Horizontal Axis, monthly adjustment,
c. Horizontal Axis, weekly adjustment,
d. Horizontal Axis, daily adjustment,
e. Horizontal Axis, continuous adjustment,
f. Vertical Axis, continuous adjustment,
g. Two Axis,
12. Effects of Temperature
a. Temperature Coefficient of Power
b. Nominal Operating Cell Temperature
c. Efficiency at Standard Test Conditions
13. Quantity
1 – Size (KW) – The Size is the amount of electricity that we are expecting to receive
from the PV system into our Micro Grid.
2 – Capital Cost – The Capital Cost include all costs from related with the initial purchase
of the PV array. The user must be sure to include all costs associated with:
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PV panels



mounting hardware



tracking system



control system (maximum power point tracker)



wiring



installation



contract discounts for different quantities bought
3 – Replacement Cost – The Replacement Cost is all the costs associated with replacing

the system after salvaging the old parts, please include all the items described in the capital cost
such as mounting hardware, wiring, reinstallation, etc.
4 – Operation and Maintenance Cost – Are all direct and overhead costs for operating the
solar PV system, calculated in dollars per year.
5 - Type of Current – Is the type of current that the PV System delivers as an output. It
can be AC or DC.
6 – Expected Lifetime – The Expected Lifetime is the number of years that the PV panels
will last before needing a replacement.
7 – Derating Factor – The Derating Factor is a scaling factor given as a percentage, which
is applied to the PV array power output in order to account for the reduced output in real-world
operating conditions as a difference to the operating conditions at which the system was rated.
8 – Slope – The Slope is given in degrees, and is the angle at which the panels are
mounted, relative to the horizontal. Zero degrees correspond to the horizontal and 90 degrees to
vertical. With fixed-slope tracking systems, a slope roughly equal to the latitude will typically
maximize the annual PV energy production.
9 – Azimuth – The Azimuth is given in degrees west to south, and is the direction at
which the solar panels are facing. Zero degrees is the direction to the south, -90 degrees is to the
east, 90 degrees is to the west and 180 degrees is to the north. The azimuth specifies the direction
towards which the panels slope. With tracking systems of fixed azimuth, the panels are almost
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always oriented towards the equator (zero degrees in the northern hemisphere and 180 degrees in
the southern hemisphere).
10 – Ground Reflectance – The Ground Reflectance is given as a percentage, and is the
fraction of solar radiation incident on the ground that is reflected. A typical value for grasscovered areas is 20%. Snow covered areas may have reflectance as high as 70%. The ground
reflectance is also called albedo.
11 – Tracking System – The Tracking System is the type of system that the PV panels
use to track and follow the sun. It can be one of the following:
11.a - No tracking – The panels are mounted at a fixed slope and azimuth. This is the
simplest and most common case.
11.b - Horizontal Axis, monthly adjustment – Rotation is about a horizontal east-west
axis. The slope is adjusted on the first day of every month in order to have the sun’s rays
perpendicular to the solar panel at noon of that day.
11.c - Horizontal Axis, weekly adjustment – The rotation is also about a horizontal eastwest axis, and the slope is adjusted the first day of each week in order to have the sun’s rays
perpendicular to the solar panel at noon of that day.
11.d - Horizontal Axis, daily adjustment – The rotation once again is about a horizontal
east-west axis, however the slope is adjusted daily in order to have the sun’s rays perpendicular
to the solar panel during each day’s noon.
11.e - Horizontal Axis, continuous adjustment – Rotation is about a horizontal east-west
axis. The slope is continually adjusted in order to minimize the angle of incidence.
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Figure 54: Angle of Incidence
11.f - Vertical Axis, continuous adjustment – Rotation is about a vertical axis while the
slope remains fixed, however, the azimuth is continually adjusted to minimize the angle of
incidence.
11.g - Two Axis – The panels are rotated about both axes, horizontal and vertical in order
to always find rays of the sun’s ray perpendicular to the solar panel. This type of tracking system
maximizes the power production of the solar panels, but is the most expensive.
12 – Effects of Temperature – If the effects of temperature are not neglected, the
parameters are the following:
12.a – Temperature Coefficient of Power – The temperature coefficient is a negative
number given as a percentage per centigrade degree. The number indicates how strongly the PV
array electric output depends on temperature. It is negative because with more temperature, the
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electric output usually decreases. It is also known as Power Temperature Coefficient or
Maximum Power Temperature Coefficient. Below is a table with some values collected in 2007
by NREL.

Figure 55: 2007 Non-scientific, non-exhaustive survey of different Temperature Coefficient of
Power, as presented by NREL, 2007
If the product brochure does not specify the value of the temperature coefficient of
power, it may contain a graph showing the normalized performance versus the cell temperature,
similar to the sample shown below. In the graph from Fig 56 below, the slope of the power line
labeled Pmax is the coefficient of power.
The slope is obtained by solving the usual line equation
(20)

Figure 56: Example of Graph Showing Power, Voltage and Current Output as related with
Temperature, for a given Solar Panel [28]
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There are some products however, that do not specify the Temperature Coefficient of
Power, but instead, specify the Temperature Coefficient of the Open-Circuit Voltage, as
shown in the table below in Figure 57.

Figure 57: Open Circuit Voltage and Current with different Temperatures [28]
With the temperature coefficient of the open-circuit voltage is possible to calculate the
Temperature Coefficient of Power, although it is given by the manufacturer.
5.2 Electricity Storage Technologies and Converters
The Micro Grid can have integrated different sorts of technologies that are used to store
electric energy in order to make it more efficient, this is when the Power Grid is also known as a
Smart Grid, rather than just a traditional power grid. A Smart Grid can be a Micro Grid, or it
can be the city’s Power Grid, depending on the focus of the analysis. The term Smart Grid
applies to any electric network where there are devices, policies, or any other mean that tries to
match the demand to the electric sources of production.
The most common area of study in this problem is in the usage of Large Scale Energy
Storage technologies, known as LSES. The uses of these technologies are multiple and various,
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although they all tend to reduce the cost of supplying the demand of the Micro Grid by creating
an apparent “smoothing” in the relation to the production and the demand of electricity, by
storing certain quantities of energy at some points in time and then releasing different (or equal)
amounts of the energy stored at different points in time. The areas of research are various and
may vary, depending on how the problem is tried to be solved, however they could be
categorized into 2 big areas of interest: the first area of study concerns to the usage and the
implementation of the Large Scale Energy Storage technologies (LSES) to the Power Grid which
is what was discussed in this paragraph, and the other is briefly discussed next.
The other area of study tries to categorize the electric demand by groups, and then at
the peak of the demand periods tries to apply restrictions to the network using those
categorizations in order to reduce the net electric flow by minimizing or completely turning to
zero certain areas of the network that serve to these categories, having as a consequence a
modification in the overall demand at the peak demand periods. In other words, trying to reduce
the demand at peak hours by applying restrictions in the usage of electricity where and when it
can be applied. The arguments against this type of research fall in the region that it would be bad
for the customers, however, on the positive side, it appears to be cheap and relatively easy to
apply where the Power Grid is simple enough to categorize the demand by groups, and where
some categories of those groups are clearly un-important at such peak times, and make no
trouble to reduce them. Good examples are the water heaters, which could be turned off at peak
times.
The technologies used for Large Scale Energy Storage can be:
1.

Batteries,

2.

Electric Vehicles,

3.

Compressed Air,

4.

Flywheel,

5.

Hydrogen,

6.

Pumped Water,
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7.

Hydroelectric Dam Uprating,

8.

Superconducting Magnetic Energy,

9.

Thermal Energy Storage,
Only batteries are considered for this thesis.

5.2.1 Batteries
The batteries can be categorized into 2 main groups: primary and secondary. The type
“primary” of batteries is all batteries that are not rechargeable, since when the chemical
reactants are depleted, there is no electric method to efficiently restore those reactants in order to
store energy again. This type of battery is not considered as an alternative source of power. Some
common batteries of this type are zinc-carbon batteries and alkaline batteries. Which although
have a greater Energy Density, which is the amount of energy stored in a given space or system
in joules per kilogram or in joules per liter, cannot be re-charged.
The secondary type of batteries is the batteries that can be recharged by applying an
electric current, which reverses the chemical process occurring inside the battery. The oldest type
of this battery is the lead-acid battery, which needs to be seated upright to ensure a safe
dispersal of the hydrogen released when is overcharged and is also very heavy, but is still very
common due to the low manufacturing cost and large capacity (over approximately 10Ah). There
are many types of this battery such as a the car battery, the sealed valve regulated lead acid
(VRLA) which can be Gel Batteries or Absorbed Glass Mat, there are also the Dry Cell types
like the nickel-cadmium battery, nickel-zinc, nickel metal hydride and lithium-ion cells batteries.
Others are the USBCELL batteries which can be re-charged by connecting a USB connector
within the AA format. The battery cell types are categorized depending on the chemical process
occurring inside them. There are galvanic cells, electrolytic cells, fuel cells, flow cells and
voltaic piles. The battery cell types can also be categorized by Wet cell or Dry cell. A table of
different types of batteries is shown next.
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Figure 58: Different types of batteries
The parameters to consider a battery are the following:
1.

Capital Cost,

2.

Replacement Cost,

3.

Operation and Maintenance Cost,

4.

Batteries per string,

5.

Quantity of strings,

6.

Nominal Capacity,

7.

Nominal Voltage,

8.

Round Trip Efficiency,

9.

Minimum State of Charge,

10. Float Life,
11. Maximum Charge Rate,
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12. Maximum Charge Current,
13. Lifetime Throughput,
14. Suggested Value.
15. Minimum Battery lifetime,

1 – Capital Cost – The capital cost is the price of initial purchase plus all installation
costs.
2 – Replacement Cost – Is the cost for replacing an old battery with a new battery. It is
the difference between the costs of new components minus the revenue from salvaging the old
components. It is necessary to include all contract discounts and policies with the vendor.
3 – Operation and Maintenance Cost – Is all the costs associated with operation and
maintenance of the components during 1 year.
4 – Batteries per String – When 2 or more batteries are connected in series it is
considered a string. We need to know how many batteries per string will be there in our Micro
Grid.
5 – Quantity of String – It is necessary how many strings there are in order to calculate
the exact number of batteries in our system.
6 – Nominal Capacity – Is the amount of current that can be pulled out from the battery,
at the rated discharge current, when the battery starts fully charged until it is fully depleted.
7 – Nominal Voltage – The Nominal Voltage is the rated voltage. It is called nominal
since it may vary in reality due to the operating conditions and the state of charge of the battery.
8 – Round Trip Efficiency – The Round Trip Efficiency is a value given as a percentage,
which accounts for the energy lost in the process from going from DC to storage and back to DC
efficiency of the battery bank, since a fraction of the energy put into storage is lost in the process,
and some energy pulled from the storage back into the grid is lost as well. A typical value for the
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Round Trip Efficiency is 80% and it can be calculated from the battery discharge efficiency as
well as from the battery charge efficiency.
[Round_Trip_Efficiency]^0.5 = Battery_Charge_Efficiency

(27)

[Round_Trip_Efficiency]^0.5 = Battery_Discharge_Efficiency

(28)

9 – Minimum State of Charge – The relative state of charge below which the battery bank
is never drawn. The relative state of charge is the ratio of the current absolute state of charge to
the maximum capacity of the battery bank. When the batteries are fully charged, the relative state
of charge is 100%. Also, the absolute state of charge is the total amount of energy currently
contained in the battery bank measured in kWh, so when the batteries are fully charged, the
absolute state of charge is equal to the maximum capacity of the battery bank. This parameter of
the minimum state of charge is due to the fact that most batteries are not meant to be fully
discharged. In fact, fully discharging some batteries can permanently damage them. The
minimum state of charge is typically set to 30% to 50% in order to avoid damaging the battery
bank by excessive discharge.
10 – Float Life - Float life is the maximum lifetime of the battery independently of its
usage. The float life of the battery is the maximum amount of time that the battery can last even
if it is not used or if it has very little usage. This limitation is usually associated with the damage
caused by corrosion of the battery, which is correlated to the temperature of the battery. The
higher the environment temperature the more corrosion there is, so a battery installed in warm
surroundings would have a shorter float life than one installed in air-conditioned surroundings.
11 – Maximum charge rate – The battery’s maximum allowable charge rate measured in
amps per amp-hour of unfilled capacity. The maximum charge rate variable imposes a limit on
the rate at which the system can charge the battery bank. That limit is directly proportional to the
amount of unfilled capacity in the battery, where the unfilled capacity is defined as the battery’s
maximum capacity minus its current absolute state of charge. For example consider a battery
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whose maximum capacity is 350 Ah, then the highest charge current it could accept would be
40Ah * 0.4A/Ah = 16A. If at some other point in time its state of charge is 335Ah, then the
highest charge current it could accept would be only 6A. So the allowable charge current
decreases with increasing state of charge. Another variable, the maximum charge current,
imposes an upper limit on the allowable charge current, regardless of the state of charge. If our
example battery were empty, the maximum charge rate variable would imply that it could accept
a charge current of as high as 350Ah*0.4A/Ah=140A. But a current that high might be very
damaging to the battery. If you set the maximum charge current variable to 25 A, then the limit
ensures that the current never exceeds 25A, no matter what the state of charge is.
12 – Maximum charge current – Is the absolute maximum charge current measured in
amps.
13 – Lifetime throughput – The total amount of energy that can be cycled through the
battery before it needs replacement. It is assumed that the total amount of energy that can be
cycled through a battery is fixed regardless of the depth of discharge at each individual cycle.
This number is used to calculate the life of the battery bank and the battery wear cost. 2 different
factors limit the lifetime of the battery bank: the lifetime throughput and the battery float life, so
in other words, the battery either dies from usage or from old age. The value of the lifetime
throughput can be calculated from the battery’s lifetime curve. An example is shown in the next
graph.

Figure 59: Example of a battery’s lifetime curve [29]
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The way to calculate this is by:
(29)
Where:
= the lifetime throughput (kWh)
= the number of cycles to failure
= the depth of discharge as a percentage
= the maximum capacity of the battery (Ah)
= the nominal voltage of the battery (V)
After calculating the value for each set of points, take the average of the values that
correspond to the allowable range (set by the minimum set of charge)
14 – Suggested Value – Is the suggested value of lifetime throughput deduced from the
lifetime curve. Theoretically is the same as lifetime throughput but this number is defined to
account for factors such as carrying the batteries, exposure to rain and others that may decrease
the overall average. This suggested value is less than the calculated parameter and varies
according to each case, however if the batteries are going to be relatively in a good environment,
the quantity can be the same as of the lifetime throughput.
15 – Minimum Battery Lifetime – this parameter is regularly not important however if
the optimum answer found at the end shows that a relatively small lifetime of the batteries is
recommended, setting a value in this parameter acts as a constraint to eliminate all solutions that
involve short battery lifetimes. Minimum Battery Lifetime is measured in years.
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6. Case Study Parameters
This model analyzes the conditions under which it makes sense to add wind turbines,
photovoltaic cells or a battery bank to a diesel power system. The system comprises two diesel
generator, a 150kW and a 75kW. The wind turbine under consideration is a 50kW model and the
photovoltaic capacity considered is 150kW. This Micro-grid is not connected to a Power Grid.
For this case I considered a range of diesel fuel prices and wind speeds. The system
parameters are as follows:
6.1 Electric Load
The average typical hourly loads for each month are:

Table 13: Hourly demand distribution in kW for an average day of each month part 1
Time Period
From
To
0:00
1:00
1:00
2:00
2:00
3:00
3:00
4:00
4:00
5:00
5:00
6:00
6:00
7:00
7:00
8:00
8:00
9:00
9:00
10:00
10:00
11:00
11:00
12:00
12:00
13:00
13:00
14:00
14:00
15:00
15:00
16:00
16:00
17:00
17:00
18:00
18:00
19:00
19:00
20:00
20:00
21:00

January
74.671
72.564
70.331
68.447
67.222
65.329
65.012
65.564
68.789
76.222
79.748
82.179
83.134
80.457
78.414
79.426
79.284
80.386
83.951
84.226
81.805

February
77.056
73.571
70.197
68.005
66.446
65.416
65.265
65.79
69.906
80.414
85.875
86.679
86.367
82.646
82.255
83.347
81.782
82.39
82.744
82.577
83.877
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Demand in kW
March
April
74.208
67.296
70.291
65.004
67.532
62.995
65.595
62.01
64.779
61.73
64.023
61.252
63.784
61.143
63.951
63.263
67.499
69.139
75.779
75.26
80.389
76.771
81.237
79.054
81.805
75.133
79.373
73.953
78.812
74.771
79.424
73.832
78.652
72.997
78.985
71.935
77.854
71
75.328
68.778
74.573
68.765

May
59.437
59.114
58.035
57.023
55.955
54.852
54.302
55.529
61.179
66.955
68.285
69.91
67.859
68.116
68.246
67.411
66.477
64.598
62.734
61.368
61.751

June
46.219
45.987
44.919
43.574
42.883
42.81
43.371
43.543
44.726
45.315
46.908
47.361
47.098
46.619
47.205
47.278
47.712
48.912
48.825
47.124
46.143

21:00
22:00
22:00
23:00
23:00
0:00
Day to Day
Variability
Time‐step‐to‐
time‐step
Variability

81.426
79.133
76.28

85.962
83.722
79.713

77.945
77.848
76.336

66.811
65.895
67.215

60.412
59.725
58.728

46.398
46.21
46.862

8%

8%

8%

8%

8%

8%

8%

8%

8%

8%

8%

8%

Table 14: Hourly demand distribution in kW for an average day of each month part 2
Time Period
From
To
0:00
1:00
1:00
2:00
2:00
3:00
3:00
4:00
4:00
5:00
5:00
6:00
6:00
7:00
7:00
8:00
8:00
9:00
9:00
10:00
10:00
11:00
11:00
12:00
12:00
13:00
13:00
14:00
14:00
15:00
15:00
16:00
16:00
17:00
17:00
18:00
18:00
19:00
19:00
20:00
20:00
21:00
21:00
22:00
22:00
23:00
23:00
0:00
Day to Day
Variability
Time‐step‐to‐
time‐step
Variability

Demand in kW
September October November
59.229 75.164
93.011
55.965
71.13
87.871
53.828 68.937
84.306
52.9 67.352
82.71
51.798 66.062
81.467
51.893 65.346
82.108
52.315 66.037
84.421
56.426 68.525
86.01
66.856 82.898
87.96
70.957 90.292
95.347
71.067 90.791
97.104
71.826 91.203
98.735
69.262 86.539
104.128
67.683
85.94
108.413
68.552 86.721
108.368
68.307 85.708
109.093
68.565 85.711
106.775
68.618 86.464
104.09
66.842 84.692
103.926
63.818
82.21
103.554
63.589 82.296
101.452
63.358 85.147
100.041
64.462 84.377
98.084
63.883 80.462
95.027

July
47.041
46.101
44.781
43.807
42.743
42.111
42.844
43.199
45.811
47.512
49.267
51.212
50.577
50.159
51.728
51.418
49.589
48.423
47.735
46.265
46.329
46.463
46.161
46.722

August
52.832
51.488
49.912
49.039
48.464
48.079
48.924
50.195
54.031
55.821
56.965
59.058
58.744
58.076
58.382
58.157
56.708
57.03
56.245
53.692
54.344
53.446
53.29
53.078

8%

8%

8%

8%

8%

8%

8%

8%

8%

8%

8%

8%
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December
78.033
77.694
75.439
72.013
69.922
70.374
70.06
71.746
72.577
75.439
76.491
77.366
79.469
77.175
75.138
75.138
76.241
77.404
77.223
75.967
72.886
72.905
74.97
78.331

6.2 Diesel Generators
The first diesel generator parameters are the following:
AC Generator: 75kW Diesel


Size: 75 kW



Capital Cost: $30,000.00 dollars



Replacement Cost: $20,000 dollars



Operation and Maintenance Cost per hour: $0.075 dollars



Sizes to consider: 75 kW



Lifetime: 35,000 hours



Minimum load ratio: 30%



Heat recovery ratio: 0%



Fuel used: Diesel



Fuel curve intercept: 0.06 L/hr/kW



Fuel curve slope: 0.24 L/hr/kW



Efficiency Curve:

Figure 60: Efficiency Curve for an AC 75kW diesel generator [29]
Emissions

Carbon monoxide: 6.5 g/L of fuel



Unburned hydrocarbons: 0.72 g/L of fuel



Particulate matter: 0.49 g/L of fuel



Proportion of fuel sulfur converted to PM: 2.2%
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Nitrogen oxides: 58 g/L of fuel



Destination of fuel carbon-



Carbon dioxide: 99.5%



Carbon monoxide: 0.4%



Unburned hydrocarbons 0.1%



The data for the other diesel generator utilized is the following:

AC Generator: 150kW Diesel


Size: 150 kW



Capital Cost: $40,000.00 dollars



Replacement Cost: $32,000 dollars



Operation and Maintenance Cost per hour: $1.5 dollars



Sizes to consider: 150 kW



Lifetime: 40,000 hours



Minimum load ratio: 30%



Heat recovery ratio: 0%



Fuel used: Diesel



Fuel curve intercept: 0.06 L/hr/kW



Fuel curve slope: 0.22 L/hr/kW



Efficiency Curve:

Figure 61: Efficiency Curve for an AC 75kW diesel generator [29]
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Emissions

Carbon monoxide: 6.5 g/L of fuel



Unburned hydrocarbons: 0.72 g/L of fuel



Particulate matter: 0.49 g/L of fuel



Proportion of fuel sulfur converted to PM: 2.2%



Nitrogen oxides: 58 g/L of fuel



Destination of fuel carbon-



Carbon dioxide: 99.5%



Carbon monoxide: 0.4%



Unburned hydrocarbons 0.1%

6.3 Fuel: Diesel


Price: $0.2/L , $0.3/L, $0.4/L, $0.5/L, $0.6/L, $0.7/L,$ 0.8/L



Lower heating value: 43.2 MJ/kg



Density: 820 kg/



Carbon content: 88%



Sulfur content: 0.33%

6.4 Generator Control


Check load following: Yes



Check cycle charging: Yes



Set-point state of charge: 80%



Allow system with multiple generators: Yes



Allow multiple generators to operate simultaneously: Yes



Allow systems with generator capacity less than peak load: Yes

6.5 Photovoltaic Cell (PV)


Size: 150kW



Capital Cost: $500,000.00 dollars
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Replacement Cost: $100,000.00 dollars



Operation and Maintenance Cost per Year: $1,400.00 dollars



Sizes to consider: 0 kW, 150 kW, 300 kW, 450 kW, 600 kW, 750 kW, 900 kW and 1500
kW



Lifetime: 20 years



Derating factor: 90%



Tracking System: No tracking system



Slope: 46.5 degrees



Azimuth: 0 degrees



Ground Reflectance: 20%

6.6 Solar Resource


Latitude: 46 degrees 30 minutes North



Longitude: 0 degrees 0 minutes East



Time zone: GMT + 0:00

Clearness Index and Average Radiation by Month:
Table 15: Clearness Index and Average Radiation by Month

Clearness Index Average Radiation
Month

(kWh/m2/day)

Jan

0.380

1.190

Feb

0.413

1.890

Mar

0.464

3.130

Apr

0.447

4.060

May

0.470

5.090
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Jun

0.484

5.610

Jul

0.517

5.780

Aug

0.528

5.130

Sep

0.502

3.780

Oct

0.426

2.220

Nov

0.400

1.380

Dec

0.369

1.000

6.7 Wind Turbines
The data for the first type of wind turbine considered is the following:
AC Wind Turbine: PGE 11/35


Capital Cost of 1 Turbine: $82,600.00 dollars



Replacement Cost of 1 Turbine: $57,500.00 dollars



Operation and Maintenance Cost per Year of 1 Turbine: $1,420.00 dollars



Quantities of Turbines considered: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10



Lifetime of each turbine: 20 years



Hub height: 28.2 m



Power Curve as presented by manufacturer:

Figure 62: Power Curve for an AC Wind Turbine PGE 11/35 [29]
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6.8 Wind Resource
The average wind speeds for each month are as follows:


January: 8.3 m/s



February: 7.9 m/s



March: 9.9 m/s



April: 9.4 m/s



May: 8.5 m/s



June: 6.9 m/s



July: 7.5 m/s



August: 10.2 m/s



September: 8.8 m/s



October: 8.3 m/s



November: 9.1 m/s



December: 10.7 m/s



The wind curve was approximated using Weibull distribution, the parameter k is: 2.10



Autocorrelation factor: 0.967



Diurnal pattern strength: 0.0900



Hour of peak wind speed: 4:00 p.m.



Scaled Annual Average: 5 m/s, 6 m/s, 7 m/s and 8 m/s



Anemometer height: 10 m



Altitude: 0 m



Wind shear profile: Logarithmic



Surface roughness length: 0.01 m

6.9 Battery
Battery: Surrete 4KS25P


Capital Cost for 1 battery: $1,500.00 dollars



Replacement Cost for 1 battery: $1,200.00 dollars
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Operation and Maintenance Cost per Year for 1 battery: $30.00



Quantity of batteries to consider: 0, 24, 48, 96 and 192



Voltage: 4 V



Nominal Capacity: 1,900 Ah



Lifetime throughput 10,569 kWh



Round Trip Efficiency: 80%



Minimum State of Charge: 40%



Float life: 12 years



Maximum charge rate: 1 A/Ah



Maximum charge current: 67.5 A



Suggested value: 10,471 kWh



Maximum capacity: 1,882 Ah



Capacity ratio c: 0.251



Rate constant k: 0.546 1/hr



Capacity Curve:

Table 16: Capacity Curve for a Surrete 4KS5P Battery
Capacity
Current (A) (Ah)
25
1,800.00
67.5
1,350.00
116
1,161.00
138
1,107.00
170
1,020.00
197
986
230
918
365
729
554
554
756
378
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Lifetime Curve:

Table 17: Lifetime Curve for a Surrete 4KS5P
Depth of
Discharge
(%)
20
30
40
50
60
70
80
90
100

Cycles to
Failure
5,100
4,220
3,580
3,170
2,750
2,400
2,000
1,750
1,500

6.10 Converter


A converter needs to be added since the Photovoltaic cells deliver electricity in direct
current and the load consumption is in alternate current.



Size of Converter: 1 kW



Capital Cost of 1 Converter: $20,200.00 dollars



Replacement Cost for 1 Converter: $20,200.00 dollars



Operation and Maintenance Cost per Year of 1 Converter: $4.00 dollars



Quantities to consider: 0, 25, 50, 75, 100, 150 and 200



Lifetime: 25 years



Inverter efficiency: 85%



Inverter can parallel with AC generator: Yes



Rectifier relative efficiency: 100%



Rectifier efficiency: 85%
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6.11 Economic Environment


Annual real interest rate: 6%



Project lifetime: 25 years



Capacity shortage penalty: $0.00 /kW



System fixed capital cost: $0.00 dollars



System fixed Operation and Maintenance Cost: $0.00 dollars

6.12 Emission Penalties


Carbon dioxide penalty: $ 0 /ton



Carbon monoxide penalty: $ 0 /ton



Unburned hydrocarbons penalty: $ 0 /ton



Particulate matter penalty: $ 0 /ton



Nitrogen oxides penalty: $ 0 /ton

6.13 Constraints


Maximum annual capacity shortage: 0%



Minimum renewable fraction: 0%



Operating reserve as percentage of hourly load: 10%



Operating reserve as percentage of peak load: 0%



Operating reserve as percentage of solar power output: 25%



Operating reserve as percentage of wind power output: 25%
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7. Results Interpretation
The simulation ran for 1hour and 49 minutes, after which the findings are the following:
For an annual average Wind Speed of 8 m/s and a diesel price of $ 0.8 /L which is the
original predicted meteorological scenario, the best solution based on the lowest Total Net
Present Cost of the 25 years project is the following:


Install 6 wind turbines PGE 11/35,



Keep the 2 generators (75 kW and 150 kW),



Install 24 batteries Surrete 4KS5P



Install 1 Converter of 50 kW
As shown in the following figure:

Figure 63: Results of Simulation, W-speed=8m/s Diesel=$0.8 /L [29]
This combination has a total Net Present Cost of $1,924,640.00 dollars to meet 100%
demand during the next 25 years.
The cost summary is the following:


Total Net Present Cost: $1,924,640.00 dollars



Levelized cost of energy: $0.165 dollars / kWh



Operating Cost: $101,150.00 dollars / year
A table showing the Net Present Costs distributed among the different components and

the type of cost is presented next:
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Table 18: Net Present Costs of Scenario 1

Capital

Replacement

O&M

Fuel

Salvage

Total

($)

($)

($)

($)

($)

($)

Component

PGE 11/35

495,600

107,573

108,914

0

-60,288

651,799

75kW Diesel

30,000

15,689

2,964

547,412

-3,688

592,377

150kW
Diesel

40,000

0

28,724

519,181

-475

587,430

Surrette
4KS25P

36,000

21,426

9,204

0

-6,151

60,479

Converter

30,000

0

2,557

0

0

32,557

631,600

144,687

152,364

1,066,593

-70,603

1,924,641

System

We can see that most of the cost still goes on the fuel of the generators and in second
place are the capital costs of the components throughout the 25 year period. A better view of this
information is presented in the following Cash Flow Summary graph.

Figure 64: Cash Flow Summary for Scenario 1 [29]
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The annualized costs of the solution are the money spent each year in every component
classified by cost type, presented in the following table:
Table 19: Annualized Costs for Scenario 1
Capital

Replacement

O&M

Fuel

Salvage

Total

($/yr)

($/yr)

($/yr)

($/yr)

($/yr)

($/yr)

Component

PGE 11/35

38,769

8,415

8,520

0

-4,716

50,988

75kW Diesel

2,347

1,227

232

42,822

-289

46,340

150kW Diesel

3,129

0

2,247

40,614

-37

45,953

Surrette 4KS25P

2,816

1,676

720

0

-481

4,731

Converter

2,347

0

200

0

0

2,547

49,408

11,318

11,919

83,436

-5,523

150,558

System

The annualized cost of fuel is the largest with $83,436.00 dollars / year followed by the
$49,408.00 dollars / year of the capital costs of the components, especially the wind turbines
with around 77% of the total capital costs per year.
A more specific view of the expected spending per year is shown in the cash flows graph:

Figure 65: Cash Flow Diagram for the entire project, Scenario 1 [29]
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We can see that at the beginning of the project a large amount of money is invested in
order to buy all the components to start running, as for where the majority of the following years
the costs are mostly associated with the fuel of the generators, and in year 20 another relatively
large amount of money needs to be spent to replace failing components. At the end of the project
we can sell the components and get some profit from salvaging most of the devices.
7.1 Electrical Summary for Scenario 1
The production distribution of the different components throughout the 25 year project is
shown in the following table:

Table 20: Electrical Production Summary for Scenario 1
Production Fraction
Component
(kWh/yr)
Wind turbines

877,939

72%

75kW Diesel

165,058

14%

150kW Diesel

169,479

14%

1,212,476

100%

Total

We can see that the wind turbines are producing 72% of the electricity consumption,
where from previous table we see that the costs from the wind turbines was not much higher than
the cost of the diesel generators which together produce the other 28%. We can conclude that the
introduction of renewable energy was a good idea.
The average monthly production by category is the following:
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Figure 66: Monthly Average Electric Production for Scenario 1 [29]
The total type of current is 100% AC since we have defined our Micro-Grid as a single
overall load:

Table 21: Total Consumption by Type of Current for Scenario 1
Consumption Fraction
Load
(kWh/yr)
AC primary load

912,500

100%

Total

912,500

100%

The overall excess of electricity produced as well as shortages is seen on the following
table, where we have 0 capacity shortage for the entire period and 72.4% of electricity produced
by renewable sources, in this case the Wind Turbine.

Table 22: Electricity by Categories for Scenario 1
Quantity

Value

Units

294,743

kWh/yr

0.000118

kWh/yr

Capacity shortage

0.00

kWh/yr

Renewable fraction

0.724

Excess electricity
Unmet load
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7.2 Wind Turbines Analysis
Analysis of the Wind Turbine components is as follows:

Table 23: AC Wind Turbine PGE 11/35 Production Summary for Scenario 1
Variable

Value

Units

Total rated capacity

210

kW

Mean output

100

kW

Capacity factor

47.7

%

Total production

877,939

kWh/yr

It is notorious the fact that the turbines are producing only 47.7% of the total capacity. A
more detailed analysis of the Wind Turbines is presented in the next table

Table 24: Detailed AC Wind Turbine PGE 11/35 Production Summary for Scenario 1
Variable

Value

Units

Minimum output

0.00

kW

Maximum output

219

kW

Wind penetration

96.2

%

Hours of operation
Levelized cost

8,159
0.0581

hr/yr
$/kWh

The variances of wind power are evident from the preceding table, where there were
times when there was no output from the wind turbines and the peak was 219 kW of electric
production. This is due to the fact that wind has much variability.
The expected output for the wind turbines during the 25 year project coded in color is
shown next:
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Figure 67: Wind Turbine Output for Scenario 1 [29]
We can see the variances for the wind turbines are relatively large, as expected for a
renewable source dependant on the environment.
7.3 Analysis of the 75kW Diesel Generator
The diesel generator has the following information that can be analyzed:

Table 25: Summary of the 75 kW diesel generator for scenario 1
Quantity

Value

Hours of operation

3,092

Units
hr/yr

Number of starts

778

starts/yr

Operational life

11.3

Yr

Capacity factor

25.1

%

Fixed generation cost

4.25

$/hr

Marginal generation cost

0.192

$/kWhyr

Many hours of operation for the generator are expected for the project as well as a
relatively large amount of starts; this can be due to either charge the batteries or to directly
substitute the wind turbines when they fail to meet the demand, by using the cycle charging
dispatch strategy.
And the details of the electric production shown as a table are the following:
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Table 9: Electric Production Summary of the 75 kW Diesel Generator for Scenario 1
Quantity
Electrical production

Value

Units

165,058

kWh/yr

Mean electrical output

53.4

kW

Min. electrical output

22.5

kW

Max. electrical output

75.0

kW

The fuel consumption of the 75 kW diesel generator is summarized in the following
manner:

Table 26: Fuel Consumption of the 75 kW Diesel Generator for Scenario 1
Quantity

Value

Fuel consumption

Units

53,528 L/yr

Specific fuel consumption
Fuel energy input

0.324 L/kWh
526,713 kWh/yr

Mean electrical efficiency

31.3 %

The electric production distribution for the 25 years is shown for the 75 kW diesel
generator for scenario 1.

Figure 68: 75 kW Diesel Generator production distribution for Scenario 1 [29]
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There is some variances in the production of electricity however are not as large as for
wind turbines.
7.4 Analysis of the 150 kW Diesel Generator for Scenario 1
The same analysis can be made for the large diesel generator, as for the main summary is
shown in the next table.

Table 27: Summary of the 150kW diesel generator for scenario 1
Quantity

Value

Hours of operation

1,498

Units
hr/yr

Number of starts

364

starts/yr

Operational life

26.7

yr

Capacity factor

12.9

%

Fixed generation cost

9.50

$/hr

Marginal generation cost

0.176

$/kWhyr

The usage is clearly less than the small generator with almost 1/3 of the numbers of the
other generator.

Table 28: Electric Production Summary of the 150kW Diesel Generator for Scenario 1
Quantity
Electrical production

Value

Units

169,479

kWh/yr

Mean electrical output

113

kW

Min. electrical output

68.8

kW

Max. electrical output

150

kW
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The mean electrical output is around the double of the small generator, with all numbers
almost at the double for the small generator, this is due to the fact that this generator is double in
size as compared to the other.

Table 29: Fuel Consumption of the 150kW Diesel Generator for Scenario 1
Quantity

Value

Fuel consumption

Units

50,767 L/yr

Specific fuel consumption
Fuel energy input

0.300 L/kWh
499,550 kWh/yr

Mean electrical efficiency

33.9 %

The fuel consumption is almost the same as for the small generator, this is because even
though it runs less time, the capacity makes it consume more fuel and at the end, the overall
consumptions are somewhat balanced.

Figure 69: 150 kW Diesel Generator production distribution for Scenario 1 [29]
We can see that there is much less variability in the large generator than in the other 2
devices as we could see in the number of expected starts, and this is due to the fact that it
remains turned off for long periods of time, especially in June and July for most of the years.
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7.5 Analysis of the Batteries
The batteries are a very important element in the Micro-Grid design since they allow the
integration of the wind turbine variability to couple it to the generator stability.
The analysis of the main facts of the batteries is shown in the following table

Table 30: Summary of the Batteries for scenario 1
Quantity

Value

String size

1

Strings in parallel

24

Batteries

24

Bus voltage (V)

4

The Micro-Grid will have 24 batteries connected in parallel with only 1 battery per string.
The voltage of the bus will be 4 volts as is the voltage of the 24 batteries.
The analysis continues with the following table:

Table 31: Batteries Details for Scenario 1
Quantity

Value

Units

Nominal capacity

182

kWh

Usable nominal capacity

109

kWh

Autonomy

1.05

hr

Lifetime throughput

253,646

kWh

Battery wear cost

0.127

$/kWh

Average energy cost

0.211

$/kWh

We can see there is a large lifetime throughput of the batteries and compare the nominal
capacity with the usable nominal capacity which is significantly less.
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Table 32: Batteries Usage Details for Scenario 1
Quantity

Value

Units

10,544

kWh/yr

8,435

kWh/yr

0.0205

kWh/yr

Losses

2,109

kWh/yr

Annual throughput

9,431

kWh/yr

Energy in
Energy out
Storage depletion

Expected life

12.0

yr

The energy in is more than the energy out, as expected in order to maintain the levels of
charge, we see the loses in kWh/yr match the discrepancy of energy in and energy out, which is
natural due to the losses in stored energy as the time goes by.

Figure 70: Frequency of Charge State of the Batteries for Scenario 1 [29]
It is important to note that the majority of the time the batteries remained fully charged,
with almost all the time being above 80% the state of charge. This is due the fact that the setpoint of charge for the batteries is at 80% at which the generators start producing electricity until
the batteries are fully charged. There is a small number of frequencies however, when the
batteries were less than 80% in order to supply energy when neither the combined power of the
generators and turbines was sufficient to supply the excessive demands.
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Figure 71: State of Charge Monthly Statistics for the Batteries, Scenario 1 [29]
Here we can see the different state of charge as an average by month during the 25 year
period, where as for in this case there is no particular pattern of interest.

Figure 72: Battery Bank State of Charge for Scenario 1 [29]
The table shows us the state of charge of the 25 years classified by month and hour of the
day. Here we can see a small increment in August of the middle years in the usage of the
batteries to supply energy to the Micro Grid throughout the day. However most of the time the
batteries remain 100% charge state marked with red in the diagram.
7.6 Converter Analysis
A converter is necessary in order to transform electricity from AC to DC (rectifier) and
from DC to AC (inverter).
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Table 33: Summary of the Converter for Scenario 1
Quantity

Inverter

Rectifier

50.0

50.0

kW

Mean output

0.8

1.2

kW

Minimum output

0.0

0.0

kW

Maximum output

25.6

6.5

kW

1.6

2.4

%

Capacity

Capacity factor

Units

We can see that there was more activity overall going from AC to DC since the rectifier
reports a higher capacity factor than the inverter, as expected from the tables of the batteries. The
maximum utilization however is reported in the inverter (from DC to AC) and this is explained
by the wind turbines variability which at specific times can produce large amounts of electricity
and needs to be delivered to the Micro-Grid. We see on the other hand that the mean output of
the rectifier is higher than the inverter, telling us that the energy that went into the Storage
Systems came from the diesel generators, as expected by the cycle charging dispatch strategy.

Figure 73: Inverter Output Power for Scenario 1 [29]
This figure shows us the distribution of the utilization of the inverter (DC to AC) which
could correspond either to the wind power turbines or to the batteries supplying energy to the
Micro-Grid.
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Figure 74: Rectifier Output Power for Scenario 1 [29]
The figure above confirms the data of previous tables where it was possible see that the
utilization of the rectifier (AC to DC) is more than the inverter (DC to AC). The only pattern is
found in the first half of the month of December, as for most years of the project the rectifier is
almost never utilized during this month.
7.7 Emissions Analysis
The production of electricity to meet the demand of the micro grid during the 25 years
project creates pollution that needs to be accounted.
Following is a table with the emissions generated by running the Micro-Grid with the
current combination of sources in order to meet the demand:

Table 34: Emissions for the current combination for scenario 1
Pollutant

Emissions (kg/yr)

Carbon dioxide

274,643

Carbon monoxide

678

Unburned hydocarbons

75.1

Particulate matter

51.1

Sulfur dioxide

552

Nitrogen oxides

6,049
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The emissions of carbon dioxide account for the great majority of the pollution of the
system, contributing to global warming. This table of emissions is very important since the
decision may be based on environmental factors rather than on monetary issues, depending on
the country and the sociopolitical context of the situation in which the decision is done.
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8. Reaching a Decision Based on the Results
The decision reached by the Homer software is by nature based solely on the Total Net
Present Cost of the entire project. In addition, the solution assumes only 1 scenario of
occurrences in the environment leaving out a confidence interval, and hence the data needs to be
manipulated by an engineer in order to deduce the circumstances based on the “what if”
scenarios.
Let us remember that the calculations and solutions are at the end based on a stochastic
environment where the predicted behavior may not necessarily happen as it was expected. It is in
this matter that this author encourages the use of a sensitivity analysis based on the environment
possible changes in order to know what would be the impacts if the meteorological
circumstances are not what were forecasted at the beginning.
8.1 Confidence Interval
In this section a way to make a small sort of confidence interval is explained by taking
the actual scenario (Scenario1 as referred previously) and changing the parameters of the output
to the worst possible scenario and comparing both answers as the corners of an area of
possibilities. Homer software will try to do what it can to report the lowest possible Total Net
Present Cost, and hence a good idea is to manually do the worst scenario to see how the
presented solution behaves.
Changing the Annual Wind Speed Average from 8 m/s to 5 m/s would drastically reduce
the availability of the wind resource. And, although we also have the possibility of reducing the
price of diesel, in this case it will not be done as it will in fact, enhance the optimal answer
provided by Homer in the sense that less money would have to be spent in re-fueling the
generators throughout the project length.

Figure 75: The Worst Case Scenario Optimal Solution [29]
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We can see that the solution combination still remains the same:


6 wind turbines PGE11/35



Keep both generators



24 Batteries



Converter of 50 kW
However we see that the Total Net Present Cost increased to $2,879,752.00 dollars for

the 25 years project, which as compared to the previous $1,924,640.00 dollars from the best
expected case, makes a difference of $955,112.00 dollars, almost 1 million dollars. This means
that if the environment does not behave as we have expected, we could end up having an
increase of almost $1 million in the expected total costs.
Even this combination however is better than not doing nothing, which is equivalent to
just keeping the existing 2 generators and producing all the energy with those 2 components for a
Total Net Present Cost of $3,180,867.00, which as a conclusion the final educated statement to
deliver to the decision makers for this problem is the following:


Buy 6 wind turbines PGE 11/35



Keep both generators



Buy 24 batteries Surrete S4KS5P and install them in single strings, all parallel to a 4 V
bus.



Buy a converter of 50 kW.



With these actions the Micro-Grid will save a range from $1,256,227.00 dollars best of
cases, down to $301,115.00 in the worst of the cases, for the 25 year project. In any case
these actions translate in savings for the Micro-Grid.

8.2 Considering a Multi Objective Decision
As mentioned earlier, the nature of the ranking options is done based solely on the Total
Net Present Cost of the Project, however in many cases this is not necessarily the basis for the
final decision, especially when dealing with emissions.
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With the provided data is possible to apply the algorithms used in order to create a Pareto
Front where 2 or more different values or “dimensions” are considered.
The basic idea of a Pareto Front is to get a set of “non-dominated” solutions to represent
all solutions that are not defeated by any other.
A non-dominated solution is a solution that when compared to other solutions, never is
worse in all the dimensions that are being considered. An example is the following.
A solution has 2 values of importance, let’s say similar to this case, that 1 value is the
cost of the solution, while the other dimension is the pollution generated by such solution, so in
essence we have something like the following:
Solution 1 = {value A1, value B1}

(30)

Now, if we compare Solution 1 to say, Solution 2, we would have the following:
Solution 1 = {value A1, value B1}
Solution 2 = {value A2, value B2}

(31)

If we compare value A1 against value A2, one will be better or equal than the other: let
say that value A2 is better for the consideration of the dimension of A2, this could be a
maximum or a minimum depending on the case. For the sake of our example, let us say that the
values A stand for the dimension of Cost, hence the lower value it has, is considered a better
solution. Then, the comparison gives that for the dimension of A (cost), solution 2 is better.
Next, the dimension B is compared, B1 against B2 which will also gives us a winner (or a tie). In
this case dimension B will be the level of pollution generated; therefore a minimum quantity is
wanted in order to have a value that is considered better than the other. Let us say that B2 is
better than value B1, giving us the conclusion that in the dimension B, solution 2 is better than
solution 1. Having no more dimensions to compare we can say that Solution 2 defeats Solution 1
in all dimensions, hence Solution 2 is said to dominate Solution 1.
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It is important to note that if there was a tie in a certain dimension, a tie is not considered
a defeat, so only the undefeated solutions when compared against all others are considered nondominated solutions.
Once defeated in one dimension or more, it is mandatory to defeat at least in 1 dimension
to not be considered defeated, or more properly speaking, “dominated”.
The set of non-dominated solution is called Pareto Front, and represent the best possible
solutions of our universe of possibilities, where no solutions exist that can defeat them, unless
not in every dimension.
A multi-objective approach was applied to our case study, in which the three objectives
were defined as follows:


Objective 1: to minimize the total net present cost of the combination.



Objective 2: to minimize the global warming potential caused by the emission of CO and
CO2,



Objective 3: to minimize the emissions of nitrogen oxides in order to reduce the impact in
Air Pollution and Eutrophication of water.
The results are presented next, where we see 18 non-dominated solutions.

Table 35: Non-Dominated Solutions for a Multi-Objective Approach

PV
# kW
1
0
2
0
3
0
4
0
5
0
6
0
7
0
8
0
9
0

3 Multi‐Objective Problem: TNPC {Min}, GWP {Min}, and AP/EP {Min}
Total
15/50 PGE35 D75 D150 Surrette Converter
NPC
kW kW
kW
$
GWP
4KS25P
0
2
75
150
24
25 1,150,117 647171
0
2
75
150
24
50 1,150,820 645833
0
3
75
150
0
0 1,199,181 633125
0
3
75
150
24
50 1,205,770 604540
0
3
75
150
48
50 1,262,997 603453
0
4
75
150
24
50 1,267,212 567528
0
4
75
150
48
50 1,324,388 566047
0
4
75
150
48
75 1,330,255 565803
0
5
75
150
24
50 1,336,857 535952
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AP/EP
14,149
14,120
13,842
13,217
13,194
12,408
12,376
12,370
11,718

10
11
12
13
14

15
16
17
18

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

5
5
6
6
6
7
7
7
8

75
75
75
75
75
75
75
75
75

150
150
150
150
150
150
150
150
150

48
48
24
48
48
24
48
48
24

50
75
50
50
75
50
50
75
50

1,393,535
1,399,231
1,412,246
1,467,959
1,473,226
1,491,673
1,547,324
1,552,253
1,575,284

534018
533611
509241
506680
505998
485738
482872
481905
465103

11,676
11,667
11,134
11,078
11,063
10,620
10,557
10,536
10,169

These results represent the set of answers the best possible combinations that are never
defeated by any other, when considering the 3 simultaneous objectives.
The graphical distribution of the set of solutions is called the Pareto Front, where we can
see the interaction between solutions:

Figure 76: Pareto Front for Multi-Objective Solution, 3 Dimensional View
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We can see the Parte Front distribution among the non-dominated solutions
approximating to a line, going from the upper left corner representing high values of Air
Pollution and Water Eutrophication in combination with high values of Global Warming
Potential, but the smallest values on Total Net Present Cost, progressing to the right-down corner
where the values of the Total Net Present Cost are the highest but with minimum values on
Global Warming Impact and Air Pollution and Water Eutrophication. The relations of the
changes of one variable impacting the others when finding the optimal solution are evident, in
the form of a line.

Figure 77: Upper View, TNPC and GWP
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The upper view of the Pareto Front allows us to see the nature of the distribution, seeing
that the line is a generality of the expected behavior, when an upper viewed of the Pareto Front
line is sketched

Figure 78: Left View, GWP and AP/EP
We can see that in overall the behavior, the emissions of CO and CO2 which contribute
to the Global Warming Potential, follow approximately the same increment when the NOx
emissions contributing the Air Pollution and Water Eutrophication are relaxed. This means that
when the solutions exhibit less emissions of one type of contaminants, there is also a decrement
on the other type of toxic substances.
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9. Final Conclusions
There is an increased necessity world-wide on integrating Renewable Energy
technologies into the pre-existing Power Grids in order to supply the electricity of the future.
The Renewable Energy Integration Problem can be reduced to a combinatorial problem
when the forecasts regarding the possible productions in electricity are made. Those forecasts are
based on the meteorological forecasts, as well as on some other random occurrences.
There is a computer program that helps to the decision process (HOMER) which was
analyzed and utilized for integration problems constrained to the size of Micro-Grids, concluding
that when interpreting the results of Homer, special care must be taken in no to overlook the true
nature of the Renewable Energy Integration Problem and its stochastic behavior, since the results
are presented without a confidence interval in the matter of the forecasts done.
There is the need to develop new ways and methods to deal with bigger systems, as the
problem becomes very complex with larger systems, for where a proposed area of development
is in the mathematical modeling of the Renewable Energy Integration Problem in such a fashion
where heuristic algorithms can be applied.
Multi-Objective Consideration is encouraged when reaching a final answer, in order to
balance the total net present cost of the project with the expected emissions of the possible
combinations.
The Homer software calculations are valid for small power grids, where for larger system
the program crashes.
The optimum answer provided by homer is delivered in the most optimistic scenario of
all the possible forecasts, and special care when handling the information must be taken.
The Renewable Energy Integration Problem is a global problem with still much more
area of improvement, as well as a critical stone for the sustainability of the society of the future.
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